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QUANTUM  DEVICES  AND  STRUCTURES  USING  Si 
BASED  MOLECULAR  BEAM  EPITAXY 

1  Abstract 

The  final  report  describes  the  technical  tasks  and  accomplishments  during  the  con¬ 
tractual  period  from  June  15,  1986  to  December  14,  1989  for  "Quantum  Devices  and 
Structures  using  Si  Molecular  Beam  Epitaxy”.  Research  findings  are  summarized  in 
five  scientific  areas,  (a)  study  of  strain  in  SiGe  layers  by  reflection  high  energy  elec¬ 
tron  diffraction  (RHEED),  (b)  Silicide/Si  quantum  well  structures,  (c)  development 
of  theory  and  design  for  superlattice  device,  (d)  miniband  conduction  in  SiGe/Si  su¬ 
perlattices,  and  (e)  intersubband  infrared  absorption  between  valence  minibands  of 
symmetrically  strained  SiGe/Si  superlattices.  Details  of  these  results  may  be  refer¬ 
enced  to  the  publications  listed  in  Appendix.  In  addition  to  scientific  publications,  the 
results  of  this  research  also  help  industrial  development  of  Si-based  heterostructure 
devices  in  the  U.S.A. 


2  Introduction 


Recently,  strained  layer  Si-based  heterostructures  have  attracted  considerable  atten¬ 
tion  due  to  possible  Si-based  hetero junction  and  superlattice  device  application.  The 
progress  of  the  research  in  Si  molecular  beam  epitaxy  (MBE)  have  made  it  possible 
to  achieve  device  quality  epitaxial  layers  with  controlled  strains.  The  new  degrees 
of  freedom  offered  in  advanced  layered  semiconductor  research  provide  opportuni¬ 
ties  for  engineering  many  ingenious  devices,  which  are  not  obtainable  from  bulk  Si. 
In  particular,  the  SiGe/Si  strained  layers  offer  unique  opportunity  for  engineering 
of  devices  using  the  properties  of  type  I  and  type  II  heterostructures  by  control¬ 
ling  the  strain.  Several  attempts  have  been  made  to  incorporate  SiGe/Si  strained 
layer  heterostructures  into  device  applications  in  the  areas  of  heterojunction  bipolar 
transistors,  modulation  doped  field  effect  transistors,  quantum  devices,  and  optical 
detectors  which  might  be  the  key  to  the  implementation  of  integrated  high  frequency 
devices  and  optoelectronics  on  Si. 

In  this  report,  we  describe  the  progress  and  the  scientific  findings  made  upon 
completion  of  the  contract  performed  for  "Quantum  Devices  and  Structures  using  Si 
Molecular  Beam  Epitaxy”.  We  have  executed  most  of  proposed  tasks  in  the  areas 
of  study  of  strain  in  SiGe  layers,  silicide/Si  heterostructures,  transport  and  optical 
properties  of  SiGe  quantum  wells  and  superlattices,  theory  for  design  and  analysis 
of  superlattice  device.  The  progress  made  in  the  contractual  period  is  summarized 
below.  Detailed  descriptions  are  referred  to  the  papers  published  as  attached  in  the 
appendix. 

3  Progress  and  Accomplishments 

With  the  current  ARO  support,  we  have  made  significant  advances  in  the  MBE  growth 
studies  of  Si\-xGexj  Si  superlattices  and  the  fabrication  of  resonant  tunneling  devices. 
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In  the  following  we  highlight  the  accomplishments  made.  Details  may  be  referenced 
to  the  publications  resulting  from  the  past  three  years  efforts  listed  in  Appendix. 

(a)  Si\-xGexl Si  strained  layers 

GexSi\-x/Si  layers  of  any  Ge  alloy  composition  have  been  grown  for  investigation 
of  strain  effects.  The  strain  of  the  film  is  varied  by  the  Ge  composition,  x  of  the 
film  and  the  buffer  layer  whose  lattice  constant  is  adjusted  in  between  bulk  Si  and 
Ge.  Raman  spectroscopy  was  used  to  determine  the  strain  via  the  shift  of  the  optical 
phonon  energies  [1],  The  strain  of  the  Si\-xGex  layer  was  also  investigated  by  observ¬ 
ing  the  change  of  RHEED  pattern,  from  (7  x  7)  to  (5  x  5)  reconstruction  as  the  film 
is  strained  [2,  3].  The  RHEED  pattern  changes  back  to  (7  X  7)  as  the  thickness  of 
the  film  exceeds  the  critical  thickness.  Figure  1  shows  the  change  of  RHEED  patterns 
from  (7  X  7)  to  (5  X  5)  when  a  SiGe  film  grown  on  a  Si  (111)  substrate.  This  provides 
us  a  very  convenient  way  of  in-situ  calibration  of  the  critical  thickness  of  SiGe  films. 
RHEED  oscillations  were  established  for  precise  control  and  calibration  for  growth 
of  Si\„xGex  superlattices.  This  is  extremely  important  for  the  growth  of  monolayer 
superlattices  with  period  of  only  *ew  monolayers.  The  strain  relaxation  of  the  of 
short  period  superlattices  was  also  studied  [4].  Figure  2  shows  the  critical  thickness 
as  a  function  of  average  Ge  content  in  a  short  period  superlattice.  Similarly,  X-ray 
rocking  curve  techniques  were  used  to  study  the  strain  and  the  crystallinity  [5,  6,  4). 
The  investigation  of  transport  and  optical  properties  and  testing  of  several  device 
structures  are  described  in  the  next  few  sections. 

We  highlight  a  few  points  below  (and  details  are  given  in  the  published  papers 
listed  in  the  Appendix). 

•  Strain  determination  of  Si\-xGex  layers  by  Raman  spectroscopy  and  X-ray 
diffraction. 

•  In-situ  determination  of  critical  thickness  of  SiGe  films  using  change  of  RHEED 
patterns  due  to  strain. 

•  Study  of  strain  in  short  period  superlattices  using  RHEED. 
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(«) 


(b) 


Figure  1:  RHEED  patterns  of  a  SiGe  film  grown  Si  (111)  substrate  (a)  before  relax¬ 
ation,  and  (b)  after  relaxation  of  strain. 


Figure  2:  Critical  thickness  of  a  monolayer  superlattice  as  a  function  of  average  Ge 
composition. 
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(b)  Silicide/Si  quantum  well  structures 

We  have  also  performed  the  growth  studies  of  CoSii  in  a  direction  for  realization  of 
metal /semiconductor  superlattices.  Substantial  improvement  in  reducing  the  pin  hole 
density  of  CoSi i  films  has  been  done  and  understanding  of  CoSii/ Si  strain  stability 
and  strain  relaxation  was  obtained.  [7]  A  new  approach  in  growth  of  strained  layers 
on  a  patterned  substrate  was  implemented.  Permeable  transistors  and  tunneling 
structures  were  fabricated.  To  eliminate  the  formation  of  pin  holes,  a  new  approach 
of  growth  has  been  employed  using  room  temperature  (RT)  co-deposition  of  Si  and  Co 
in  a  stoichiometric  ratio  (2:1),  followed  by  RT  deposition  of  a  thin  a-Si  capping  layer 
and  annealing  at  an  elevated  temperature  [8].  The  a-Si  layer  prevent  the  exposure 
of  high-energy  CoSii  surface  during  the  recrystalization  and  thus,  eliminate  the  pin 
hole  formation.  We  have  characterized  the  surface  reconstruction  of  CoSi 2  during  the 
various  steps  used  during  the  growth.  We  outline  typical  tasks  accomplished  below: 

•  Electrical  characterization  of  CoSii/ Si  interface  by  a  forward  C(V)  technique. 

•  Successful  fabrication  and  testing  of  CoSii  permeable  transistor. 

•  Successful  growth  of  pin  hole  free  CoSii  films  on  Si(lll)  (up  to  800A  thick). 

•  Study  of  surface  reconstruction  of  CoSii  using  RHEED. 

(c)  Miniband  conductance  through  Sii,xGex/Si  superlattice 

The  transport  properties  of  holes  through  minibands  of  a  Si\-xGex/ Si  superlattice 
has  been  investigated  [9].  The  measured  I-V  and  dl/dV  characteristics  at  4.2  K,  35 
K  and  77  K  are  shown  in  Fig.  3.  Two  peaks  are  observed  at  1.1  V  and  2.5  V  at  77  K 
with  clear  negative  resistance  (NDR).  As  the  temperature  of  the  sample  decreased,  the 
peak-  to- valley  ratio  of  the  peak  at  2.5  V  increases  and  the  peak  at  1.1  V  becomes  more 
apparent  from  the  dl/dV  curve.  The  peak  to  valley  current  ratio  for  the  peak  at  2.5  V 
decreases  as  the  temperature  is  reduced,  while  the  peak  positions  shifts  towards  higher 
voltage.  Above  100  K,  the  NDR  is  no  longer  clearly  observed.  The  measured  I-V  and 
dl/dV  data  can  be  understood  quantitatively  as  the  light  conduction  through  the 
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Figure  3:  Observed  current-voltage  (I-V)  at  4.2,  35,  and  70  K,  showing  conduction 
through  minibands  in  the  superlattice.  Inset  of  the  figure  shows  the  magnified  I-V 
and  dl/dV  for  the  first  peak. 

minibands  in  the  superlattice.  The  conduction  through  minibands  occurs  when  the 
Fermi  level  in  the  emitter  region  is  aligned  with  the  bottom  of  a  miniband.  The  NDR 
shows  up  when  the  Fermi  level  is  moved  away  from  the  miniband.  The  position  of 
the  minibands  also  obtained  using  temperature  dependence  measurement  at  low  bias 
condition.  In  this  case  the  conduction  is  dominated  by  the  thermionic  emission.  The 
measured  values  of  the  miniband  positions  are  in  good  agreement  with  the  calculated 
valued  using  envelope  function  approximation  and  band  offsets  under  strain  condition. 

•  Observation  of  hole  miniband  conduction  through  a  symmetrically  strained 
Si\-xGex/Si  superlattice  for  the  first  time. 

•  Demonstration  of  negative  differential  resistance. 

•  Thermionic  analysis  of  the  position  of  the  minibands.  The  results  are  in  good 
agreement  with  the  calculated  values. 

(d)  Intersubband  infrared  absorption 
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Figure  4:  The  infrared  photoresponse  as  a  function  applied  bias  for  xy  and  z  polariza¬ 
tions.  The  peak  at  1.5  and  5  V  are  due  to  intersubband  infrared  absorption  between 
light  hole  minibands.  The  conduction  voltage  characteristic  (dashed  curve)  shows  the 
enhancement  of  conductivity  when  the  minibands  are  aligned  with  the  emitter. 

The  intersubband  infrared  absorption  of  holes  in  a  Sii_xGex  superlattice  is  ob¬ 
served  for  the  first  time  [10].  In  the  experiment,  the  photocurrent  is  measured  as  a 
function  of  applied  bias  which  is  used  to  inject  holes  to  the  minibands  of  the  superlat¬ 
tice.  A  CO2  laser  tuned  at  10.6  /im  is  used  as  the  infrared  source.  Figure  4  shows  the 
measured  photocurrent  as  a  function  of  applied  bias  across  the  superlattice  device  for 
polarization  of  the  infrared  beam  parallel  and  perpendicular  to  the  interfaces  of  the 
superlattice.  Two  clear  peaks  are  observed  at  1.5  and  5  V  when  the  polarization  of 
the  incident  beam  has  a  component  perpendicular  to  the  interfaces  (z  polarization). 
In  the  case  of  polarization  parallel  to  the  interfaces  (xy  polarization),  the  peak  at  5 
V  completely  disappeared  while  the  one  at  1.5  V  became  smaller.  This  polarization 
dependence  is  a  characteristics  of  the  intersubband  transition.  It  is  interesting  to  note 
that  the  peaks  in  the  photoresponse  appear  very  close  to  the  high  conductivity  regions 
in  the  conductance- voltage  characteristics  as  shown  in  by  the  dashed  line  in  Fig.  4. 
We  have  constructed  a  band  diagram  to  understand  the  experimental  observations. 
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The  calculations  show  that  only  light  split-off  holes  form  minibands  and  heavy  holes 
forms  only  isolated  bound  states  indicating  the  photoresponse  is  mainly  due  to  the 
light  hole  minibands. 

•  Observation  of  the  intersubband  infrared  absorption  of  holes  using  photocurrent 
measurement. 

»  Construction  of  a  band  diagram  of  the  superlattice  to  identify  the  transitions. 

•  Study  of  the  polarization  dependence  of  the  absorption  to  study  the  nature  of 
the  transitions.  The  polarization  data  are  in  good  agreement  with  the  selection 
rules  of  the  intersubband  transition. 

(e)  Design  tools  for  superlattice  device  synthesis 

Many  superlattices  and  MQW  devices  were  conceived  during  the  period  of  two 
years  under  ARO  support.  These  include  the  formation  of  the  mini-  band  junctions 
and  the  Band  Aligned  Superlattice  (BAS)  concepts  with  a  combination  of  several 
multilayer  superlattices  (superlattices  with  variable  basis). [11]  The  junction  concept 
is  shown  in  Fig.  5(a)  in  which  two  different  types  of  superlattices  having  different  well 
widths  are  shown.  The  junction  J  is  formed  by  two  superlattices  Si  and  S2.  The 
superlattice  on  the  left  has  two  subbands  while  there  is  only  one  subband  aligned 
to  the  upper  subband  of  Si.  Carrier  transport  occurs  only  in  the  upper  subbands 
which  are  aligned  and  these  structures  are  thus  referred  as  Band  Aligned  Superlattices 
(BAS).  The  transport  in  the  lower  subband  is  blocked  due  to  the  discontinuity  of 
the  minibands.  Using  these  new  device  elements  or  superstructures,  many  different 
device  structures  ranging  from  optical  detectors  to  sources  are  possible.[12, 13, 14]  For 
example,  Fig.  5(b)  shows  a  hot  hole  transistor  using  a  superlattice  base  and  resonant 
tunneling  injector.  In  order  to  facilitate  the  design  of  such  devices,  we  need  easy 
analytical  methods  or  tools  that  are,  of  course,  different  from  those  for  conventional 
devices.  We  have  established  a  formalism  for  analyzing  these  structures  within  the 
effective  mass  frame  work.  The  details  of  these  are  given  in  the  publications  listed  in 
the  Appendix. 
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Figure  5:  (a)  Miniband  junction,  and  (b)  hot  hole  transistor. 
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UCLA  Integrated  Si/GaAs  MBE  and 
In— Situ  Processing  Facility 


Figure  6:  Schematic  diagram  of  the  integrated  Si  and  III-V  MBE  system 
(f)  Acquisition  of  additional  new  MBE  facility 

In  the  past,  all  the  superlattices  were  grown  with  the  MBE  system  developed  at 
UCLA.  Although  the  system  works  well  for  the  studies  of  growth,  it  is  necessary  to 
have  the  accurate  and  automated  control  of  layer  thickness  and  other  growth  parame¬ 
ters  for  investigation  of  the  properties  and  device  application  in  the  extreme  quantum 
limit.  In  anticipation  of  the  expanded  research  and  for  maintaining  the  competitive 
edge,  the  laboratory  has  acquired  an  new  integrated  MBE  system  under  DoD-URIP 
support.  The  system  schematic  is  illustrated  in  Fig.  6,  in  which  the  Si-based  growth 
chamber  and  III-V  chamber  are  integrated  all  in  ultra  high  vacuum.  There  is  also 
an  analysis  chamber  which  houses  an  Auger-ESCA  system.  In  addition,  other  in-situ 
processing  chambers  may  be  added  in  the  future.  The  system  is  being  dedicated  to 
studies  of  the  quantum  effects  as  well  as  synthesis  of  Si-based  superlattices. 
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4  Industrial  Impact 


As  a  result  of  the  successful  growth  of  SiGe/Si  heterostructures  under  controlled 
strain,  several  microelectronic  manufacturers  have  requested  our  experience  in  MBE 
growth.  We  are  currently  working  with  Hughes  to  develop  IMPATT  diodes  and 
heterojunction  bipolar  transistors  (HBT’s).  The  impact  of  these  developments  are 
indispensable  for  the  future  microelectronic  devices. 
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and  Ph.D.  dissertation  research.  During  this  contractual  period,  seven  Ph.D.  students 
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In  this  paper  we  have  calculated  the  free-electron  density  in  a  finite  superiattice.  Resonant 
tunneling  causes  a  buildup  of  particle  density  in  the  well  regions,  giving  rise  to  an  accumulation  of 
electrons  in  those  regions.  Using  our  results,  we  have  estimated  the  change  in  barrier  heights  and 
well  depths  caused  by  the  electrostatic  force.  A  negligible  change  is  found  for  a  double-well 
structure  having  well  widths  of  40  A  and  barrier  widths  of  20  A.  Our  approach  could  be  extended 
to  calculate  the  tunneling  current  self-consistently.  Additionally  we  have  used  a  time-dependent 
solution  of  Schrodinger’s  equation  to  estimate  the  trapping  time  of  the  electrons  due  to  the 
resonant  effect.  The  results  show  that  the  probability  density  oscillates  several  times  between  the 
two  wells,  leaking  out  gradually  at  each  step.  After  about  2.4  X 10“ 13  s,  most  of  the  waves  centered 
about  the  resonant  energies  have  been  transmitted. 


INTRODUCTION 

Interest  in  the  finite  superiattice,  consisting  of  only  a  few 
layers,  has  been  renewed  due  to  the  recent  quality  of  thin 
films  grown  by  molecular-beam  epitaxy  (MBE).  Such  a 
structure  has  potential  device  applications  since  the  resonant 
tunneling  phenomenon  can  lead  to  negative  resistance.  This 
effect  had  been  predicted  by  Tsu  and  Esaki,1  and  subse¬ 
quently  verified  by  Chang  el  al?  Lately,  there  have  been 
reports  on  measurements  done  on  MBE-grown  samples.3,4 
The  results  have  included  measurements  of  the  current-vol¬ 
tage  curve  of  a  double-barrier  device.  In  each  case,  the  calcu¬ 
lated  tunneling  current  does  not  agree  with  the  measured 
value  for  reasons  that  have  not  yet  been  clarified.  In  particu¬ 
lar,  the  large  peak-to-valley  ratio  predicted  has  not  been  real¬ 
ized  experimentally.  Discrepancies  are  to  be  expected,  how¬ 
ever,  as  the  model  is  very  simple.  As  an  example,  in  the  early 
calculation  of  the  current,1  the  conduction-band  edge  was 
modeled  in  a  staircase  approximation  to  account  for  the  ap¬ 
plied  voltage.  Semianalytic  expressions  were  then  obtained 
for  the  current.  A  numerical  approach5  has  involved  a  more 
realistic  treatment  of  the  band  edge,  but  the  results  are  still 
not  close  to  experiment. 

In  attempts  to  refine  the  model,  it  has  been  suggested 
that  the  well  regions  act  as  dynamic  traps  for  the  tunneling 
electron.6  The  presence  of  the  electron  in  the  well  for  some 
time  is  therefore  expected  to  modify  the  potential.  Deviation 
from  linearity  may  occur.  As  a  further  refinement  to  the 
model,  the  tunneling  current  could  be  calculated  self-consis¬ 
tently,  taking  into  account  the  change  in  potential  caused  by 
the  trapped  electrons.  We  outline  a  way  this  can  be  done  by 
calculating  the  free-electron  density  in  the  barrier  and  well 
regions,  as  a  result  of  the  accumulation  of  particle  density  in 
the  well  regions.  Solution  of  Poisson’s  equation  yields  the 
modified  potential.  Such  information  van  then  be  used  to 
recalculate  the  electron  density.  Also  presented  is  a  time- 
dependent  solution  of  Schrodinger’s  equation  for  a  double¬ 
well,  triple-barrier  structure.  Multiple  reflections  of  the  elec¬ 
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tron  wave  packet  are  seen  to  increase  the  tunneling  time  by 
an  order  of  magnitude  over  the  classical  limit. 

METHOD 

Figure  1  shows  the  conduction-band  edge  of  the  struc¬ 
ture  that  has  been  simulated.  The  free-electron  density  has 
been  found  by  first  obtaining  the  one-electron  wave  function. 
In  the  outermost  GaAs  layers,  the  wave  functions  are  shown 
in  Fig.  1,  in  which  k\  =2mglA>(£- )/H2, 
k2  »  2mS.At  (E  +  eVa  -  En )//»,  *gu  =  2mS.A,£||/*^  £„ 
is  the  energy  in  the  GaAs  regions  corresponding  to  motion 
parallel  to  the  interface  plane,  E  is  the  total  energy,  and  V„  is 
the  applied  voltage.  The  wave  function  for  the  barrier  layers 
is  given  by 

'Pj,  =  [a  Ai(  -rfc)  +6Bi(  -rjjexpfikon-p),  (1) 

h  =  *o"  V" 1/3 [(E-eV0-  yEl{  )/eF+ z] .  (2) 

Here  Ai  and  Bi  are  the  Airy  functions,  Fis  the  magnitude  of 
the  electric  field,  y  is  the  ratio  of  the  effective  mass  in  GaAs 
to  that  in  Ga,  _  *  Al*  As,  x0  is  a  characteristic  length  given  by 
x0  —  (2m£^, eF //?)  ~ l/3,  and  V0  is  the  barrier  height.  For 
the  well  regions  the  wave  function  is  given  by 


o  l 


FIG.  1.  Conduction-band  edge  of  a  multilayered  GaAs/Ga,  _,AIX  As 
Miuuuie  fui  an  applied  voltage  Vm.  The  outermost  GaAs  layers  aie  as¬ 
sumed  iu  be  heavily  doped  and  semi  infinite  in  extent,  so  .hat  the  elcuin. 
field  in  those  regions  can  be  assumed  to  be  small,  enabling  the  use  of  plane 
wave  solutions.  The  rest  of  the  structure  is  assumed  to  be  intrinsic  so  that  the 
electric  field  is  taken  to  bea  constant  and  in  the  negativezdirection.  f„is  the 
common  barrier  height. 


Vw  =  [cAi(  —  tw)  +^Bi(  -^)]exp(/ko|,-p),  (3) 

tw=Xol[(E-E^)/eF+z).  (4) 

Using  the  transfer  matrix  technique,6  the  constants  preced¬ 
ing  the  linearly  independent  solutions  are  found,  enforcing 
in  the  process,  the  continuity  of  flux,  and  particle  current  at 
each  interface.  Finally,  the  constant  A  +  is  determined  by 
requiring  delta-function  normalization  of  the  incident  plane 
wave,  giving  \A+\2  =  1/(27 r)3.  The  free-electron  density  is 
then  found  from 

n(z)  =  n,(z)  +  «2(z),  (5) 

where  /r,(z)  is  the  electron  concentration  caused  by  elec- 
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trons  originating  from  the  left  contact  region  and  tunneling 
through  the  superlattice;  n2(z)  is  the  concentration  due  to 
electrons  originating  from  the  right  contact  region.  Explicit¬ 
ly,  «,( z)  is  given  by 

n{(z)  =  2(27t)J'J'  [V  L{z)\2f{E)k^dk^dkl,  (6) 

where/(£)  is  the  Fermi-Dirac  occupation  probability  of  the 
left  contact  region,  and  (z)|2  is  the  density  of  one  elec¬ 
tron  caused  by  an  electron  originating  from  the  left.  Ignoring 
the  effective  mass  variation  from  layer  to  layer,  i.e.,  setting 
Y=  1  for  simplicity,  Eq.  (6)  may  be  simplified  since 
becomes  independent  of E^ .  Using  Eq.  ( 5 ) ,  the  total  concen¬ 
tration  is  given  by 


n(z)  =  nkT(2m^tM/fii2)3n(  f  (^(z))2 ln[l  +  exp (Ef  —  El)/kT]dEl/yfEi 


‘mi 


+  JV*  (z)|2ln[  1  +  exp (E,  -  E,  -  eVa  )/kT)dE,/^E 


(7) 


where  'I',,  is  the  wave  function  due  to  an  electron  originating 
from  the  right.  /,  (z)  and  /2  (z)  are  the  lower  limits  of  integra¬ 
tion.  Under  the  assumption  that  the  voltage  is  applied  as  in 
Fig.  1,  /,  (z)  is  zero  for  the  well  regions  and  is  equal  to  the 
conduction-band  edge  for  the  barrier  regions.  /2(z)  is  given 
by  the  conduction-band  edge  of  the  respective  regions.  In¬ 
cluded  in  Eq.  (7)  is  the  fact  that  electrons  incident  from  the 
right  with  negative  energies  may  also  contribute  to  the  free- 
electron  density. 

RESULTS  AND  DISCUSSION 

Equation  (7)  was  solved  for  a  double-well,  triple-bar¬ 
rier  structure  having  well  widths  of  40  A,  barrier  widths  of 
20  A,  and  0.25-eV  barrier  heights.  The  structure  is  assumed 
to  be  undoped  except  for  the  two  outermost  GaAs  layers 
whose  Fermi  levels  are  assumed  to  be  0.005  eV  above  the 
respective  band  edges.  Figure  2  compares  the  resulting  elec¬ 
tron  concentration  for  the  case  of  zero  applied  voltage  with 
applied  voltages  of  0.2,  0.5,  and  1  V.  At  0  V  the  electron 
density  in  the  well  regions  is  about  4x  1016  cm-3.  It  drops  to 
about  1012  cm-3  in  the  barrier  regions.  Below  the  barrier 
level  there  are  two  resonant  states,  occurring  at  0.08  and  0. 1 1 
eV  above  the  GaAs  conduction-band  edge  for  Va  —  0.  The 
maximum  electron  density  occurs  when  the  applied  voltage 
is  about  twice  the  resonant  energies,  so  that  the  resonant 
level  is  then  aligned  with  the  Fermi  level.  At  high  applied 
voltages,  the  reduced  transit  time  of  the  electrons  causes  the 
overall  density  to  drop.  At  the  same  time,  the  electron  den¬ 
sity  in  the  barrier  regions  close  to  z  =  L  approaches  that  in 
the  well  regions  due  to  the  lowering  of  the  barriers  by  the 
applied  voltage.  The  principal  contribution  to  the  electron 
density  is  the  incident  electrons  within  a  narrow  band  of 
energies  enclosing  the  resonant  levels.  Hence  the  profile  of 
the  electron  distribution  essentially  follows  that  of  the  reso¬ 
nant  wave  functions.  Except  for  ‘mall  applied  voltages,  the 


contribution  of  1%*  (z)|2  to  the  electron  density  is  small, 
caused  by  the  lowering  of  the  Fermi  level.  If  the  applied 
voltage  is  greater  than  about  twice  the  resonant  energy,  lo¬ 
calized  levels  having  negative  energies  are  formed  in  the 
wells  close  to  z  —  L.  In  this  case,  electrons  with  negative 
energies  incident  from  the  right  may  also  contribute  to  the 
carrier  density.  In  the  specific  example  we  have  chosen, 
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FIG  2  Free  electron  density  as  a  function  of  position  in  a  double-well,  tn- 
ple-barner  structure  at  300  K  The  well  widths  are  40  A,  the  barrier  widths 
20  A,  and  the  barrier  heights  0.25  eV.  The  four  sets  of  curves  refer  to  four 
different  applied  voltages. 
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FIG.  3  (a)-(f)  show  the  evolution  ofa  Gaussian  wave  packet  in  the  vi 
energy  is  0.08  eV  (near  resonance)  and  the  initial  half-width  is  30  A. 


these  states  have  a  negligible  effect  because  of  the  Fermi  level 
position. 

Using  the  results  of  Fig.  2,  we  solved  Poisson’s  equation 
to  find  the  change  in  potential.  Owing  to  the  small  size  of  the 
wells  and  barriers,  the  edges  of  the  wells  were  lowered  by 
only  1  meV.  It  is  estimated  that  a  well  concentration  of  about 
1018  cm-3  would  be  required  for  a  10  meV  change.  It  ap¬ 
pears,  therefore,  that  a  linear  potential  distribution  is  justi¬ 
fied  for  this  particular  structure.  An  improved  estimate  of 
the  tunneling  current  may  be  obtained  by  repeatedly  calcu¬ 
lating  the  charge  density  and  potential  until  convergence 
occurs.  The  current  is  then  estimated  according  to  Vassel  et 
al*  Such  an  approach  may  be  appropriate  for  heavily  doped 
samples. 

As  a  further  investigation  of  resonant  state  trapping  we 
have  considered  the  evolution  of  a  Gaussian  wave  packet  as 
it  traverses  the  finite  superlattice.  The  wave  packet  has  a 
half-width  of  about  30  A  at  /  =  0  and  an  average  energy  E0. 
At  subsequent  times  the  wave  function  is  calculated  accord¬ 
ing  to  the  Crank-Nicolson  method1  which  preserves  its  nor¬ 
malization.  It  is  assumed  that  the  structure  is  bounded  by 
infinite  potentials  which  are  far  removed  so  as  not  to  influ¬ 
ence  the  wave  packet  during  the  time  it  interacts  with  the 
finite  superlattice.  Figures  3(a)— 3(0  show  the  results  for  a 
wave  packet  having  an  average  energy  of  0.08  eV  which  is 
close  to  the  resonant  energy.  The  center  of  the  packet  takes 


:.  The  elapsed  time  is  shown  in  the  inset.  The  average 


approximately  4x  10' 14  s  to  reach  the  first  barrier  after  be¬ 
ing  launched.  Most  of  the  packet  is  reflected,  except  for  those 
waves  having  energies  close  to  the  resonant  level.  The  re¬ 
maining  portion  oscillates  several  times  between  the  two 
wells  and  gradually  leaks  out.  A  significant  portion  of  the 
wave  remains  even  after  about  2.4  x  10~  ,3s.  This  is  about  ten 
times  greater  than  the  classical  estimate  found  by  dividing 
the  length  of  the  well  regions  by  the  group  velocity.  A  more 
detailed  analysis  of  the  trapping  time  should  include  the  ef¬ 
fect  of  the  incident  electrons  emitting  phonons  in  the  well 
regions,  thereby  remaining  trapped  for  a  longer  time. 
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The  maximum  frequency  at  which  amplification  can  be  obtained  from  quantum  well  oscillators  is 
discussed.  Intrinsically,  the  frequency  limit  for  having  negative  differential  resistance  (NDR) 
can  be  very  high,  of  the  order  of  the  inverse  of  the  electron  transit  time.  Owing  to  the  large 
capacitance  of  the  well  and  barrier  regions,  the  actual  frequency  limit  at  which  amplification 
occurs  may  be  lower  than  the  intrinsic  limit  because  of  the  capacitance  charging  time.  We  have 
estimated  the  frequency  limit  of  NDR  by  considering  the  electron  transit  time  and  have  calculated 
the  maximum  oscillation  frequency  from  an  equivalent  circuit  model.  We  have  also  obtained  an 
expression  for  the  high-frequency  power  output  as  a  function  of  frequency,  based  on  a 
transmission  line  model. 


Negative  differential  resistance  in  quantum  well  devices 
is  of  considerable  interest  since  the  fast  electron  transport 
expected  in  such  devices  can  result  in  high-frequency  ampli¬ 
fication.  Tsu  and  Esaki1  had  predicted  NDR  in  a  finite  su- 
perlattice  as  a  consequence  of  resonant  tunneling.  The  first 
experimental  results  were  obtained  by  Chang  et  al.2  Due  to 
high  input  impedance,  high-frequency  oscillations  were  not 
observed  in  the  early  samples.  Furthermore,  the  peak  to  val¬ 
ley  ratio  of  the  current  was  much  too  small  to  produce  any 
workable  power.  Recent  measurements  on  samples  grown 
by  molecular  beam  epitaxy’ 5  have  shown  promising  results. 
Sollner  et  al ,’<1  have  obtained  a  peak  to  valley  ratio  of  6:1, 6 
and  have  also  demonstrated  mixing  and  detection  at  138 
GHz,  761  GHz,  and  2.5  THz;  these  results  suggest  NDR  up 
to  2.5  THz.  In  addition,  they  have  used  a  coaxial  resonant 
cavity  to  obtain  oscillations  at  1 8  GHz.  If  the  electron  transit 
time  is  the  limiting  factor  for  maximum  oscillation  frequen 
cy,  an  upper  limit  of  about  1  THz  seems  possible.  However, 
so  far  there  has  been  no  reported  oscillation  frequency  in 
excess  of  18  GHz. 

In  this  letter,  we  discuss  the  maximum  frequency  at 
which  NDR  is  possible  as  well  as  the  maximum  frequency  at 
which  a  signal  can  be  amplified  by  the  quantum  well  device. 
In  particular,  we  calculate  the  maximum  frequency  at  which 
amplification  is  obtainable  within  a  simple  circuit  model.  We 
show  that  the  ciicuit  parameters  which  model  the  parasitic 
effects  such  as  device  capacitance  and  series  resistance  can 
have  serious  limitation  on  the  maximum  frequency  of  oscil 
lation. 

Previously  Rieco  and  Azbel1  have  discussed  the  time 
development  of  resonant  tunneling  in  a  double  barrier  de 
vice,  and  have  shown  that  an  important  quantity  in  deter 
mining  frequency  behavior  is  a  time  constant  r,  which  is  the 
time  requited  for  the  probability  density  to  build  up  in  the 
well  when  a  voltage  is  applied.  Once  this  amount  of  time  has 
elapsed,  resonant  tunneling  is  fully  established.  The  frequen 
cy  limit  of  NDR  is  expected  to  be  set  by  the  inverse  of  r. 
Luryi*  has  related  the  frequency  limit  of  oscillation  to  the 
reciprocal  of  the  charging  time  of  a  capacitor  represented  by 


the  first  barrier  layer;  the  second  barrier  is  ignored  in  the 
estimate  of  the  charging  time.  The  charging  current  is  as¬ 
sumed  to  be  the  single  barrier  tunneling  current.  A  time  con¬ 
stant  of  about  40  ps  for  the  device  of  Refs.  3  and  4  is  then 
obtained  using  the  capacitance  and  positive  resistance  of  the 
single  barrier.  In  attempting  to  explain  the  higher  observed 
detection  frequencies,3  Luryi  proposed  a  new  model  in 
which  the  negative  resistance  is  effected  by  the  reduction  in 
density  of  occupied  emitter  states  allowed  for  tunneling  with 
increasing  applied  voltage,  when  the  quasibound  level  drops 
below  the  conduction-band  edge  of  the  emitter,  there  are  no 
occupied  emitter  states  consonant  with  energy  and  momen¬ 
tum  conservation  for  tunneling.  This  effect  as  pointed  out  by 
Luryi,  is  of  course,  a  generic  feature  to  tunneling  from  a 
three-dimensional  to  a  two-dimensional  system  of  states.  We 
note  that  this  situation  bears  some  resemblance  to  tunneling 
m  a  tunnel  diode.  Although  the  foregoing  model  for  the  exis¬ 
tence  of  NDR  is  possible,  it  is  not  clear  to  us,  however,  that 
Sollner’s  detection  of  NDR  at  2.5  THz  depends  upon  the 
origin  of  the  NDR. 

An  alternative  explanation  of  the  oscillation  frequency 
and  high-frequency  detection  may  be  possible  and  perhaps 
more  appropriate.  We  are  proposing  an  equivalent  circuit 
model,  based  on  which  the  oscillation  frequency  can  be  esti¬ 
mated  from  the  magnitude  of  the  NDR.  The  latter  may  be 
extracted  from  theoretical  or  experimental  current  voltage 
turves  if  available.  The  results  are  independent  of  whether 
the  NDR  originates  from  the  density  of  states  or  from  the 
Fabry-Perot  effect. 

In  quantum  well  devices  where  the  NDR  is  accounted 
for  by  the  Fabry  Perot  mechanism,  the  speed  at  which  the 
electron  wave  packet  traverses  the  total  structure  is  expected 
to  govern  the  maximum  frequency  of  amplification.  Under 
ideal  conditions,  this  maximum  frequency  should  be  close  to 
the  limit  enforced  by  the  tiansit  time,  since  beyond  this  limit 
the  NDR  is  annihilated,  i.e.,  the  negative  conductance  goes 
to  zero.  Recently,  Barker0  has  calculated  the  tunneling  time 
through  a  double  barrier  device  by  solving  Wignei's  equa 
ticn.  A  semiclassical  formulation  allows  the  effect  of  colli 
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sions  to  be  included  by  a  Monte-Carlo  calculation  of  the 
distribution  function.  Tunneling  times  of  the  order  of  10  14 
s  are  reported  in  the  near  hot  electron  regime.  We  have  ob¬ 
tained  a  simple  estimate  of  the  tunneling  time  by  looking  at 
the  time  evolution  of  a  Gaussian  wave  packet  in  the  vicinity 
of  a  triple-barrier,  double- well  device.  The  packet  is  approxi¬ 
mately  monoenergetic  if  its  real  space  half-width  is  suffi¬ 
ciently  large.  For  an  average  energy  equal  to  the  resonant 
state  energy,  the  problem  resembles  that  of  an  electron  at  the 
resonant  energy  interacting  with  the  structure.  The  time- 
dependent  Schrodinger  equation  was  solved  numerically. 
We  find  that  for  a  structure  having  barrier  widths  of  20  A 
and  well  widths  of  40  A,  most  of  the  incident  wave  packet 
has  been  reflected  or  transmitted  after  about  3X  10“  s. 
This  estimate  is  quite  consistent  with  the  Barker’s  results 
since  the  extra  well  causes  additional  interference.  Further¬ 
more,  the  average  electron  energy  is  much  smaller  than  that 
of  Ref.  9.  We  have  ignored  the  effect  of  the  charge  buildup  in 
modifying  the  potential,  having  previously  found  it  to  be 
small  for  sufficiently  narrow  wells  and  barriers.10  Based  on 
these  interaction  times  we  expect  the  intrinsic  frequency  lim¬ 
it  of  NDR  to  be  of  the  order  of  a  few  hundred  GHz  for  a 
double-well  device,  and  much  higher  for  a  single-well  struc¬ 
ture.  Single-barrier  conduction  yields  an  even  higher  fre¬ 
quency  limit  of  NDR  than  Fabry-Perot  conduction  owing 
to  the  reduced  tunneling  time. 

Using  an  equivalent  circuit  model  similar  to  that  of  the 
tunnel  diode, 1 1  we  show  that  the  measured  amplification  fre¬ 
quency  may  be  much  lower  than  that  anticipated  from  the 
electron  transit  time.  This  model  is  shown  in  Fig.  1(a)  where 
R  represents  the  ideal  dynamic  NDR  (ac)  caused  by  coher¬ 
ent  tunneling  either  of  the  Fabry-Perot  or  the  single-barrier 
type,  C  is  the  total  capacitance  of  the  barrier  and  well  re¬ 
gions,  and  R,  is  the  series  resistance  of  the  substrate.  Rp 


Rs 


(b)  Voltage 


HO  I  |a)  Equivalent  circuit  ul  the  quantum  well  <ievu.e  R  is  nunlmeat 
resistance  representing  the  resonant  tunneling  current  Rf  represent  the 
leakage  currents,  R  is  the  substrate  resistance,  and  C  is  the  capacitance  of 
the  well  and  barrier  regions  (b)  Tunneling  current  of  the  device  showing 
the  minimum  NDR. 


represents  an  excess  current  caused  by  leakage  processes. 
The  input  impedance  Z,n  of  this  circuit  has  a  negative  real 
part  as  long  as 

2 irRC  U,  R„\  Rp  R, 

The  maximum  frequency  occurs  when  R  (ac)  is  replaced  by 
Rmin,  i.e.,  when  the  bias  point  is  at  the  steepest  part  of  the 
current-voltage  curve  (Fig.  1(b)]  so  long  as  the  dynamic 
NDR  still  exists.  In  the  limit  as  ^,—0,  the  frequency  is  ex¬ 
pected  to  approach  the  intrinsic  limit  set  by  the  electron 
trapping  (or  transit)  time.  For  the  device  shown  in  Ref.  4, 
we  obtain  a  maximim  frequency  of  about  200  GHz  based  on 
the  reported  NDR  of  400  il.  This  value  of  NDR  already 
accounts  for  the  effects  of  excess  currents.  A  series  resistance 
of  10  il  was  assumed,  based  on  the  dopant  density  and  cross- 
sectional  area  given.  If  the  theoretical  current-voltage  curves 
of  Ref.  1  are  used,  much  higher  oscillation  frequencies  are 
obtainable.  The  effect  of  the  excess  currents  is  to  lower  the 
oscillation  frequency  by  smearing  out  the  NDR.  The  circuit 
shown  in  Fig.  1(a)  is  consistent  with  the  high-frequency 
detection  of  Ref.  3,  provided  that  Rs  is  small.  Then  the  sec¬ 
ond  derivative  of  the  terminal  current  is  independent  of  fre¬ 
quency  as  in  Sollncr’s  case,  as  long  as  the  NDR  remains  the 
same  at  the  detection  frequency.  It  is  noted  that  the  RC  time 
constant  loses  its  meaning  as  a  conventional  charging  time 
when  the  resistance  value  is  a  negative  differential  resistance. 
As  /max  approaches  the  characteristic  cutoff,  the  dynamic 
NDR  becomes  weaker  and  finally  disappears. 

Apart  from  the  maximum  attainable  frequency,  other 
quantities  of  interest  include  the  available  rf  power  and  the 
power-frequency  relation.  Although  the  available  power  is 
related  to  the  product  of  the  maximum  current  and  voltage 
swing,  the  actual  power  that  can  be  extracted  may  be  gov¬ 
erned  by  external  conditions.  As  an  example,  we  consider 
the  coaxial  resonator  of  Ref.  4.  By  balancing  the  loss  and 
gain  of  the  resonator,  the  output  power  P  is  found  to  be 
directly  proportional  to  ( |  p|2  —  1 ),  where  the  reflection  co¬ 
efficient  p  is  given  by 


|/?(w,/0|J 


(R\n  ~  Zp)~  + 
(■^m  +2„)  +  -T,2n 


(2) 


Thus  the  power  is  found  from 

P(oj,R  )a-  4/?. nZ,/ [(*,„  +Z0)2 +  *?„].  (3) 

Rin  and  X,„  are,  respectively,  the  real  and  imaginary  parts  of 
the  input  impedance,  and  Z„  is  the  characteristic  impedance 
of  the  resonator.  From  Fig.  1(a),  R,„  is  given  by 

/?,„  =  R,  + /?r/(  lWr?),  (4) 

where  Rr  is  the  parallel  combination  of  Rp  and  R,  and 
rc  =  RtC.  In  addition  to  the  explicit  frequency  dependence 
of  Rm,  there  is  also  an  intrinsic  dependence  on  frequency, 
since  the  NDR  is  expected  to  be  smeared  out  as  1  /co  ap¬ 
proaches  the  trapping  time  of  an  electron  in  the  resonant 
state.  The  exact  dependence  can,  of  course,  be  found  from  a 
lime  dependent  solution  of  the  tunneling  current,  but  may  be 
approximated  phenomenologically  by  the  expression 
R  =  R0(l  +  wV),  where  t  represents  a  time  constant  relat¬ 
ed  to  the  electron  transit  time  and  R„  is  the  low-frequency 
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FIG.  2.  rf  power  as  a  (unction  of  frequency  of  operation  of  the  quantum  well 
device  in  a  coaxial  resonator.  Several  values  of  NDR  are  indicated. 
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FIG.  3.  Power  as  a  function  of  NDR  for  several  frequencies. 


NDR.  The  power  (in  arbitrary  units)  is  calculated  asafunc- 
tion  of  frequency  from  Eq.  (3),  assuming  Z0  =  50  SI.  Figure 
2  shows  the  results  for  several  values  of  NDR.  At  low  fre¬ 
quencies,  maximum  power  occurs  when  RzzR,  +  Z0.  This 
is  shown  in  Fig.  3  where  the  power  is  plotted  as  a  function  of 
R  for  several  frequencies.  At  very  high  frequency,  the  device 
terminal  resistance  is  positive  so  that  the  resonator  becomes 
lossy.  For  the  low  frequencies  shown,  the  anticipated  smear 
out  of  the  NDR  with  increasing  frequency  is  negligible  and 
therefore  has  little  effect  on  the  power.  A  large  value  of  NDR 
is  undesirable12  as  it  results  in  a  reflection  coefficient  of  less 
han  1. 

In  summary,  we  have  estimated  the  oscillation  frequen¬ 
cy  and  power  limitation  of  a  quantum  well  oscillator  from  an 
equivalent  circuit  in  which  the  nonlinearity  of  the  current- 
voltage  curve  is  included  phenomenologically  in  a  parameter 
R  We  have  shown  that  previously  ignored  external  condi¬ 
tions  can  severely  limit  the  oscillation  frequency  and  ac  pow¬ 
er  output. 
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Very  thin  cobalt  silicide  films  of  several  atomic  compositions  from  Co  to  CoSi2  have  been  grown 
by  thermal  reaction  of  Co  deposited  at  room  temperature  and  by  molecular  beam  epitaxy  on 
Si<  1 1 1)  substrates  under  ultrahigh  vacuum  conditions.  They  were  analyzed  by  electron  energy 
loss  spectroscopy.  Loss  spectra  characteristic  of  the  Co-rich  silicides,  CoSi,  and  CoSi2  phases  were 
found  to  be  quite  different,  first  by  the  energy  of  the  bulk  plasmons,  around  22  eV  for  Co-rich 
silicides,  20.6  and  19.5  +  0.7  eV  for  CoSi  and  CoSi2,  respectively,  second  by  the  interband  and 
surface-state  transitions.  In  the  CoSi  and  CoSi2  spectra,  two  transitions  were  interpreted  as 
related  to  the  excitation  of  bonding  Co(3cO-Si(3/>)  and  nonbonding  Co(3  d)  electronic  states.  A 
transition  at  1 .7  eV  obtained  on  CoSi2  grown  both  by  the  solid  phase  and  molecular  beam  epitaxy 
techniques  was  found  to  be  sensitive  to  the  surface  conditions  and  was  attributed  to  a  surface  state. 

This  result  was  correlated  to  the  surface  morphology  and  film  crystallinity  checked  by  scanning 
electron  microscopy  and  electron  channeling.  Energy  loss  spectra  were  correlated  to  the  alloy 
composition  ratios  obtained  by  Auger  spectroscopy  and  Rutherford  backscattering 
spectrometry. 


I,  INTRODUCTION 

In  situ  characterization  of  cobalt  silicide  films  is  essential  for 
controlling  the  growth  of  CoSi2/Si  heterostructures  used  in 
the  engineering  of  novel  devices.  Among  potential  applica¬ 
tions  of  these  heterostructures  in  microelectronics  technoio- 
y,  metal  base  transistors  and  permeable  base  transistors 
nave  been  proposed  using  the  epitaxial  silicide  film  as  buried 
layers.1 3  Transistor  action  in  Si/CoSi2/Si  structures  has  re¬ 
cently  been  demonstrated.’  The  growth  of  epitaxial  CoSi,  on 
Si  in  ultrahigh  vacuum  (UHV)  conditions  has  already  been 
studied  for  its  structural  properties,  kinetics  of  formation, 
and  morphology  using  Rutherford  backscattering  spectros¬ 
cope  (RBS),  transmission  and  scanning  electron  micros¬ 
copy  (TEM,  SEM),  and  x-ray  rocking  curve.4'9  Electronic 
properties  were  investigated  by  angle-resolved  ultraviolet 
photoemission  spectroscopy  (ARUPS),  x-ray  photoemis- 
sion  spectroscopy  (XPS),  and  low-energy  electron  diffrac¬ 
tion  (LEED)."1  The  electrical  properties  of  CoSi2/Si(  111) 
Schottky  barriers  were  studied  by  current  and  capacitance 
versus  voltage  (7-F and  C-V)  and  deep-level  transient  spec¬ 
troscopy  (DLTS)."  15  In  this  work,  we  aimed  toobtain  ad¬ 
ditional  information  on  the  cobalt  silicide/Si  system  using 
only  two  in  situ  techniques,  the  Auger  electron  spectroscopy 
(AES)  and  the  electron  energy  loss  spectroscopy  (EELS). 
Furthermore,  after  in  situ  analysis  each  sample  was  next 
studied  by  RBS  to  obtain  the  alloy  composition,  and  by  SEM 
for  the  surface  morphology  and  uniformity.  These  studies 
were  correlated  with  the  AES  and  EELS  results.  Electron 
channeling  patterns  were  also  taken  to  check  the  film  crys¬ 
tallinity. 

II.  EXPERIMENTAL  PROCEDURE 

In  this  work,  we  use  n-type  (111)  oriented  Si  wafers  with  a 
resistivity  of  about  4-10  SI  cm.  Prior  to  loading  the  sample 


into  the  UHV  chamber,  the  Si  wafer  was  chemically  cleaned 
by  the  method  of  Ishizaka  el  a/.,n  leaving  at  the  last  step  of 
cleaning  a  protective  thin  oxide  coating  on  the  surface.  After 
loading  the  sample  in  the  UHV  system,  this  oxide  layer  was 
thermally  evaporated  by  flash  heating  to  900-950  °C  for  5- 
10  min  to  provide  an  atomically  clean  (7x7)  Si(ll  1)  sur¬ 
face  prior  to  growth.  The  (7x7)  reconstruction  has  been 
identified  by  the  presence  of  characteristic  surface-state 
transitions14  in  the  EELS  spectra.  Two  techniques,  the  solid 
phase  epitaxy  (SPE)  and  the  molecular  beam  epitaxy 
(MBE)  techniques,  were  used  to  grow  silicide  films.  In  the 
SPE  method,  a  100  A  cobalt  film  was  evaporated  on  the 
substrate  at  room  temperature  (RT),  then  annealed  for  10 
min  at  a  fixed  temperature  ( Ta )  in  order  to  achieve  the  sili¬ 
cide  formation  of  a  given  composition.  The  range  of  Ta  was 
from  RT  up  to  900  °C.  Surface  substrate  temperature  was 
measured  with  a  calibrated  optical  infrared  py  rometer.  The 
Co  growth  rate  was  about  10  A/min,  monitored  by  a  quartz 
microbalance.  The  vacuum  pressure  during  growth  never 
exceeded  4X 10-9  Torr.  In  the  MBE  technique,  Co  and  Si 
were  simultaneously  deposited  on  the  sample  held  at  540  °C 
with  a  Si/Co  flux  ratio  of  about  2  at  the  pressure  of  2  a  10  H 
Torr  and  a  growth  rate  of  19  A/min.  The  growth  chamber 
was  equipped  with  a  cylindrical  mirror  analyzer  (CMA) 
from  Perkin-Elmer  Company.  Auger  and  EELS  spectra 
were  taken  in  the  derivative  mode  using  a  lock-in  amplifier. 
Two  electron  primary  energies  used  in  EELS  measurements 
were  Ep  =  500  and  80  eV.  At  Ep  =  500  eV,  strong  signals 
from  plasmons  and  core  level  excitations  were  obtained.  At 
Ep  =  80  eV,  an  increase  of  the  energy  resolution  (AE  =  0.7 
eV),  measured  at  full  width  at  half-maximum,  allowed  the 
observation  of  the  low  energy  interband  transitions  and,  at 
the  same  time,  of  the  surface  state  transitions  due  to  the  short 
electron  inelastic  mean  free  path. 
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III.  RESULTS  AND  DISCUSSION 

A.  Surface  morphology  and  film  crystallinity 

The  surface  morphology  of  each  sample  was  examined  by 
SEM.  For  Co  and  for  Co-rich  silicide  films  obtained  with 
annealing  temperatures  ranging  from  RT  to  350  °C,  very 
smooth  surface  films  were  obtained. 

At  higher  annealing  temperatures,  films  were  found  to 
consist  of  perforated  silicide.  For  400-650  °C  annealing 
range,  the  hole  diameter  remained  unchanged,  about  0.5 
/tm.  The  hole  density  relative  to  the  whole  sample  surface 
didnotexceed  10%.  At  Ta  =  730  °C,  16%  of  the  surface  was 
covered  by  perforations  and  at  900  'C,  cobalt  disilicide  is¬ 
lands  were  always  observed.  These  observations  are  in  agree¬ 
ment  with  these  of  Refs.  4  and  8,  in  which  uniformity  and 
stoichiometry  of  SPE  CoSi2  films  have  been  studied  by  RBS 
and  SEM  as  a  function  of  the  annealing  temperature. 

SEM  from  the  MBE  CoSi2  film  revealed  no  holes  or  any 
other  defect  features.  Very  smooth  and  uniform  epitaxial 
layers  were  grown  by  this  method,  as  already  reported  in  a 
previous  study.6"9 

Qualitative  information  concerning  the  film’s  crystallin¬ 
ity  was  also  checked  by  observing  the  quality  of  electron 
channeling  patterns  taken  at  Ep  —  20  keV  using  SEM.  No 
pattern  was  observable  for  Co-rich  silicide  and  CoSi,  in  ac¬ 
cordance  to  cobalt  silicides/silicon  epitaxial  relationships 
indicating  that  only  the  CoSi2  phase  can  grow  epitaxially  on 
Si(  1 1 1  ).,s  For  SPE  and  MBE  CoSi2  films,  electron  channel¬ 
ing  patterns  were  shown  broad  and  diffuse  for  the  former, 
and  sharp  and  bright  for  the  latter.  This  result  confirms  the 
superior  MBE  technique  for  the  growth  of  epitaxial  CoSi2 
films  for  Si(  111). 

B.  Silicide  atomic  composition  ratio  measurements 

One  part  of  this  work  was  to  compare  the  atomic  concen¬ 
tration  ratio  C[Si/Co]  measured  by  AES,  to  that  obtained 
by  RBS.  The  AES  technique  is  known  only  as  a  semiquanti- 
tative  analytical  technique,  but  well  adapted  to  UHV  sys¬ 
tems.  RBS  has  been  used  extensively  as  a  quantitative  tech¬ 
nique  in  the  characterization  and  the  study  of  the  kinetics  of 
formation  of  silicides.16  In  this  study,  SEM  information  was 
used  for  correcting  the  measured  Si/Co  ratios  obtained  by 
AES  and  RBS  by  subtracting  the  Si  substrate  contribution 
due  to  the  holes  in  the  silicide  layers  from  the  total  Si  signal. 
The  composition  ratios  of  the  SPE  samples  after  the  area 
correction  by  SEM  picture  are  shown  in  Table  I.  In  the  AES 
measurements,  the  concentration  ratios  have  been  calculat¬ 
ed  using  the  element  sensitivity  factors  given  in  Ref.  17. 

It  appears  from  Table  I  that  the  calculated  ratios  by  the 
two  methods  are  very  close  for  Co-rich  silicides  and  monosi- 
licide  samples.  For  CoSi2,  the  RBS  technique  gives  a  ratio  of 
about  30%  higher  than  in  AES.  These  results  must  be  corre¬ 
lated  to  the  surface  morphology  observed  by  SEM.  The  con¬ 
centration  ratios  obtained  by  both  techniques  coincide  only 
when  the  films  are  uniform  and  the  surface  smooth,  as  seen 
in  the  former  case.  In  the  latter  case,  however,  the  compari¬ 
son  is  not  meaningful  because  of  the  uncertainty  in  the  RBS 
results  caused  b>  the  film  thinness,  the  presence  of  perfora 
tions,  or  the  formation  of  islands.  Therefore,  Auger  spectros 
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Table  I.  Calculated  Si/Co  concentration  ratios  obtained  from  AES  and 
RBS  results  on  SPE  samples  annealed  at  different  temperatures  T„. 


T. 

(degC) 

AES 

C(  Si/Col 

RBS 

C(  Si/Co  1 

300 

0.22 

0.22 

340 

0.37 

-0.34 

470 

1.1 

1.2 

440 

1.0 

1.0 

650 

1.7 

2.1 

730 

1.9 

2.5 

copy  was  used  to  give  the  more  reliable  composition  infor¬ 
mation  for  those  samples  which  were  nonuniform. 

C.  EELS  results 

Figures  1  and  2  show  the  EELS  spectra  of  Co,  Si,  and  three 
silicide  phases,  taken  at  Ep  —  500  and  80  eV,  respectively. 
All  the  spectra  are  presented  in  the  derivative  mode.  The 
transition  energies,  measured  at  the  half-height  of  the  peaks, 
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Fig.  2.  EELS  spectra  of  Co,  Si,  and  SPE  silicides  taken  at  primary  energy  Ef 
—  80  eV,  Spectra  arc  presented  in  the  derivative  mode. 

have  been  collected  in  Table  II,  for  Ep  =  500  eV,  and  in 
Table  III  for  Ep  =  80  eV, 

Consider,  first,  the  evolution  of  plasmon  energies  (Fig.  1 ) 
with  the  composition  variation.  For  pure  Co,  two  compo¬ 
nents  of  bulk  plasmons  are  assumed,  corresponding  to  the 
excitation  of  4s  and  3 d  electrons.18,19  As  discussed  in  Ref.  19, 
using  primary  energy  Ep  =  900  eV,  plasmon  losses  from 
polycrystalline  Co  surface's  sample  were  found  at  15.8  and 
1 1  eV,  respectively,  associated  to  3 d  and  4s  collective  elec¬ 
tron  oscillations.  In  our  measurements,  the  shoulder  at  14.6 
eV  is  attributed  to  the  3 d  plasmon.  No  peak  at  1 1  eV  is  ob¬ 
served,  possibly  due  to  the  low  excitation  energy  used.  The 
peak  at  25.5  eV  is  interpreted  as  a  multiple  scattering  of 
(4 s  +  3r i)  plasma.  For  silicides  only  one  bulk  plasmon  is 
observed  and  its  energy  decreases  with  increase  of  the  Si 
concentration,  from  around  22  eV  (Co-rich  silicides),  20.6 
(CoSi),and  19.5  + 0.7  eV  (CoSi2).  No  variation  of  the  sur¬ 
face  plasmon  energy  has  been  found  with  the  change  of  the  Si 
:oncentration:  fuos  =  13.6  ±  0.7  eV.  The  assignment  of  this 
transition  to  the  surface  plasmon  was  deducted  from  the  ap¬ 
proximate  relation  iicji  For  silicon,  bulk  and  sur 
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Table  II.  Transition  energy  values  observed  from  EELS  spectra  obtained 
at  Ep  =  500  eV,  as  shown  in  Fig.  I. 


C[Si/Co) 

AES  Si(2p)  Co(3r)  Co(3p)  fkok  fiaj, 


Co 

Co 

101.3 

61.6 

25.5 

14.6 

-CojSi 

0.37 

101.5 

61.8 

21.7 

13.5 

CoSi 

1.0 

101.2 

20.7 

13.7 

SPE  CoSij 

1.7 

103.0 

19.5 

13.6 

MBE  CoSij 

2.1 

103.0 

19.5 

13.7 

Si 

Si 

101.5 

17.0 

10.3 

face  plasmons  are  found  at  17.0  and  10.3  ±  0.7  eV,  respec¬ 
tively,  the  latter  corresponding  to  the  value  characteristic  of 
the  (7x7)  Si(lll)  superstructure.14 

Transitions  resulting  from  the  inner  shells  were  observed 
near  101  eV  for  Co (3s),  and  at  about  the  same  energy  for  the 
Si(2p)  levels.  The  Co(3s)  transition,  optically  forbidden,  is 
interpreted  as  a  quadrupole-allowed  process.  Multiple  tran¬ 
sitions  are  often  well  observed  with  electrons  as  primary  ex¬ 
citation,  especially  if  they  are  slow  and  they  lose  a  large  frac¬ 
tion  of  their  energy.20  The  transition  near  62  eV  for  Co  and 
Co-rich  silicides  was  from  Co(3 p).  Si(2/>)  and  Co(3s)  can¬ 
not  be  separated  with  the  single-pass  CMA  analyzer,  but 
they  can  be  distinguished  by  their  shape,  symmetric  for 
Co (3s)  and  asymmetric  for  Si  (2p)  (Fig.  1). 

Interband  and  surface-state  transitions  are  best  observed 
in  Fig.  2,  using  a  low  primary  energy  Ep  =  80  eV.  All  the 
transitions  characteristic  of  the  (7X  7)  Si(  1 1 1 )  surface  are 
apparent:  5,  ( 1 .9  )'eV,  S2  ( 7.2  eV ) ,  and  SV 1 14.5  eV)  are  relat¬ 
ed  to  intrinsic  surface  states.14  E2  (4.8  eV)  is  a  bulk  transi¬ 
tion.  Spectra  of  low  energy  transitions  from  Co  and  silicides 
are  rather  different,  and  can  be  used  as  “signatures"  to  deter¬ 
mine  the  silicide  phase  on  the  surface.  The  interpretation  of 
these  spectra  taken  at  Ep  =  80  eV,  as  shown  in  Fig.  2,  was 
made  with  the  help  of  self-consistent  calculations  of  the 
CoSij  electronic  band  structure21  supported  by  ARUPS  ex¬ 
perimental  investigation  of  the  CoSi2/Si  ( 111)  interface.10 
These  calculations  predict  a  strong  peak  in  the  density  of 
states  (DOS)  at  1.7  eV  coming  from  the  nonbonding  states 
of  essentially  Co(  3  d)  orbitals,  and  a  second  peak  near  3.7  eV 
attributing  to  the  bonding  states  between  Co(3d)  and  Si(3/>) 
orbitals.  Just  above  EF,  the  calculated  s  and p  components  of 
the  DOS  show  an  enhancement  of  the  Si  (3s)  character. 

Table  III  Transition  energy  values  observed  from  EELS  spectra  obtained 
at  Ef  =  80  eV,  as  shown  in  Fig.  2. 


C(Si/Co]  Interband  and  surface-state 

AES  Ss  fiio,  transitions 


Co 

Co 

7.2 

4,5/3. 1 

—CojSi 

0.37 

13.5 

7.1 

4.272.5 

CoSi 

1.0 

13.8 

-8.2 

6.2/3.7/2.4 

SPE  CoSi2 

1  7 

13.6 

-8.8 

7.5 

5.0/3.2/1.7 

MBE  CoSi, 

2.1 

13.7 

-8.7 

7.2 

5.0/3/2/i  7 

Si 

Si 

14.5  10.3 

7.2 

4.8/1.9 

(Sj) 

( E:)(S ,) 
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From  ihese  calculated  data,  we  therefore  interpreted  the 
peaks  at  3.2  and  5.0  eV  in  our  CoSi2  EELS  spectra  as  respec¬ 
tively  related  to  the  electronic  excitation  from  the  nonbond¬ 
ing  Co(3rf)  and  bonding  Co(3cO-Si(3/j)  levels  to  the  empty 
Si(3s)  level.  The  spectra  of  MBE  CoSi2  are  similar  to  those 
obtained  on  SPE  CoSi2.  In  both  cases  the  amplitude  of  the 
1.7  eV  transition  is  sensitive  to  the  surface  conditions,  as  seen 
by  SEM  and  electron  channeling  patterns.  We  attribute  its 
origin  to  a  surface-state  related  transition.  As  shown  in  Ref. 
10  for  CoSi  the  nonbonding  Co(3 d)  and  bonding  Co(3r/)- 
Si(3/>)  peaks  are  closer  in  energy  and  shift  towards  the  Fer¬ 
mi  level.  We  thus  attribute  the  2.4  and  3.7  eV  peaks  on  our 
CoSi  spectrum  to  the  same  origins  of  the  nonbonding  and 
bonding  states.  The  2.5  eV  transition  on  Co3Si  has  been  asso¬ 
ciated  to  the  excitation  of  the  d  band  of  Co  metal.  Several 
band  structures  of  bulk  Co  have  been  published.22,23  How¬ 
ever,  no  obvious  correlation  with  our  EELS  results  could  be 
obtained. 

IV.  CONCLUSION 

The  systematic  characterization  of  cobalt  silicide  films 
grown  by  SPE  and  MBE  on  the  Si(  111)  substrate  has  yield¬ 
ed  sufficient  information  to  enable  the  in  situ  composition 
determination  by  AES  and  EELS  alone. 

The  atomic  concentration  ratio  C[ Si/Co]  obtained  by 
AES  and  RBS  has  been  compared  for  different  composi¬ 
tions.  The  accuracy  of  the  RBS  technique  was  found  poorer 
than  AES  for  nonuniform  samples.  Therefore,  Auger  spec¬ 
troscopy  was  used  to  give  the  more  reliable  composition  in¬ 
formation  for  these  nonuniform  samples.  Quite  different 
EELS  spectra  were  obtained  for  Co-rich  silicides,  CoSi  and 
CoSi2,  providing  an  easy  assessment  to  unambiguously  dis¬ 
tinguish  the  phases.  The  distinction  between  silicides  was 
observed,  first  by  the  bulk  plasmon  energy  value,  shifting 
from  around  22  eV  (Co-rich  silicides)  to  20.6  (CoSi)  and 
19.5  ±  0.7  eV  (CoSi2),  and  second  by  the  interband  and  sur¬ 
face-state  transitions.  For  CoSi  and  CoSi2  two  energy  transi¬ 
tions  from  our  EELS  spectra  have  been  determined  as  exci¬ 
tation  from  filled  unbonding  to  Co  (3 d)  and  Co(3d)-Si(3p) 
states  to  the  empty  Si  (3s)  level.  Qualitative  information  on 
the  surface  morphology  and  film  crystallinity  for  SPE  and 
MBE  CoSi,  has  been  obtained  by  inspection  of  the  EELS  1.7 
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eV  transition  intensity  and  correlated  to  SEM  and  electron 
channeling  patterns  information. 
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100-jizm  silicon-on-insulator  structures  have  been  achieved  by  first  utilizing  silicon  molecular 
beam  epitaxial  (Si  MBE)  growth  on  porous  silicon  and  subsequently  oxidizing  the  porous  silicon 
through  the  patterned  Si  MBE  film  windows.  A  Si  beam  method  is  used  for  the  low-temperature 
surface  cleaning  of  porous  silicon  prior  to  Si  MBE  growth.  By  using  a  two-step  growth  technique, 
the  Si  MBE  film  shows  good  crystallinity  checked  by  Rutherford  backscattering  channeling 
spectroscopy  and  cross-sectional  transmission  electron  microscopy.  An  electron  mobility  of  1300 
cm2  V“ 1  s" 1  with  a  doping  concentration  of  6x  1015  cm-3  has  been  achieved. 


Silicon-on-insulator  (SOI)  technology  is  very  attractive 
for  very  large  scale  integrated  circuit  (VLSI)  applications 
because  of  its  potential  for  high  speed  and  high  package  den¬ 
sity.  It  has  been  reported  that  porous  silicon  prepared  from  a 
crystalline  substrate  retains  its  crystallinity  so  that  an  epitax¬ 
ial  layer  can  be  grown  onto  it.1  However,  if  porous  silicon 
was  exposed  to  temperatures  above  800  °C,  such  as  during 
the  conventional  chemical  vapor  deposition  (CVD)  epitax¬ 
ial  growth,  the  structure  of  pores  collapses  and  the  oxidation 
rate  is  dramatically  reduced.2  Since  silicon  molecular  beam 
epitaxy  (Si  MBE)  can  grow  epifilms  at  temperatures  as  low 
is  600  °C,3  the  technique  is  ideal  for  preparing  epifilms  while 
maintaining  the  porosity  of  the  porous  silicon.  By  using  Si 
MBE  growth  on  porous  silicon  and  subsequently  oxidizing 
the  porous  silicon  through  lithographically  patterned  Si  win¬ 
dows,  porous  silicon  can  be  oxidized  rapidly  and  laterally 
underneath  the  Si  MBE  film  due  to  the  high  oxidation  rate  of 
porous  silicon;  a  SOI  structure  is  then  accomplished.4  In  this 
letter,  we  report  a  low-temperature  silicon  beam  surface 
cleaning  method  for  porous  silicon  sample  prior  to  the  Si 
MBE  growth,  and  a’two-step  Si-MBE  growth  technique  that 
are  used  to  achieve  100-/im-wide  SOI  islands. 

Porous  silicon  samples  are  prepared  as  follows,  p-type 
(100)  wafers  with  resistivity  of  0.01-0.02  Cl  cm  are  chemi¬ 
cally  etched  repeatedly  in  boiling  nitric  acid  followed  by  HF 
dip  to  remove  a  few  nanometers  of  surface  layer.  Porous 
silicon  layers  are  then  uniformly  formed  by  anodizing  Si 
samples  in  an  HF  electrolyte.  Before  being  loaded  into  the 
ultrahigh  vacuum  (UHV)  chamber,  a  protective  Si02  layer 
is  grown  on  top  of  the  porous  silicon  surface  using  a  H2S04: 
H202:H20  =  4:1:4  solution. 

An  atomically  clean  sample  surface  is  essential  for  a  suc¬ 
cessful  epitaxial  growth  in  MBE.  After  being  loaded  in  the 
UHV  chamber,  the  sample  is  usually  preheated  to  a  tem¬ 
perature  higher  than  800  °C  prior  to  MBE  growth  so  that  a 
clean  surface  is  obtained.5  However,  this  method  is  not  suit¬ 
able  for  porous  Si  samples  since  temperatures  higher  than 
300  ®C  can  result  in  the  change  of  pore  structure.  A  revised 
method  using  a  low  flux  Si  beam  to  in  situ  clean  the  porous 
silicon  surface  has  been  developed.  It  has  been  reported  that 
below  a  critical  flux,  the  Si  beam  reacts  with  Si02  to  form  SiO 


which  desorbs  from  Si/Si02  surface  at  a  temperature  as  low 
as  700  *Cdue  to  its  high  vapor  pressure.6  By  carefully  adjust¬ 
ing  the  Si  beam  flux,  clean  surface  can  be  achieved  for  subse¬ 
quent  MBE  growth.  In  the  Si  beam  surface  cleaning  process, 
Si  beam  with  a  flux  of  7X1013  cm_2s_l  is  used  and  the 
porous  silicon  sample  is  held  at  750  *C.  The  effectiveness  of 
this  method  is  checked  by  Auger  electron  spectroscopy 
(AES)  and  by  the  etch  pit  density  of  as-grown  MBE  films 
using  Schimmel  etch.  Figure  1  shows  the  AES  peak  to  peak 
amplitude  ratios  of  both  oxygen  and  carbon  to  silicon  as  a 
function  of  cleaning  time.  The  oxygen  peak  is  markedly  re¬ 
duced  but  a  small  value  remains  after  even  6  min  of  cleaning. 
It  should  be  noted,  however,  when  this  method  is  used  to 
clean  single-crystal  Si  sample,  both  oxygen  and  carbon  sig¬ 
nals  reduce  below  the  AES  detection  limit.  We  believe  that 
these  signals  for  the  porous  Si  case  come  from  the  oxygen 
and  carbon  sitting  on  the  sidewalls  of  the  pores.  They  remain 
on  the  sidewall  surfaces  since  they  cannot  be  reached  by  the 
Si  beam,  and  consequently  should  not  have  any  effect  on  the 
following  MBE  growth.  This  is  confirmed  by  the  Rutherford 
backscattering  spectrum  (RBS)  of  a  typical  Si  MBE  film  on 
porous  silicon  sample  as  shown  in  the  inset  of  Fig.  2.  It  shows 
that  the  oxygen  is  present  from  near  the  MBE  Si  layer  and 
porous  silicon  interface  0.5  fim  deep  into  the  porous  silicon 
layer.  We  propose  the  behavior  of  C  signal  as  followed. 


FIG.  1 .  Auger  spectroscopy  of  oxygen  and  carbon  contaminants  on  the  sur¬ 
face  as  a  function  of  silicon  beam  cleaning  time. 
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FIG.  2.  Rutherford  backscattenng  (RBS)  minimum  channeling  yield  for 
various  silicon  molecular  beam  epitaxial  (Si  MBE)  film  thicknesses.  Inset  is 
the  RBS  of  a  sample  with  4200-A-thick  Si  MBE  film  on  porous  silicon. 
Oxygen  is  observed  in  the  porous  silicon  region. 

When  the  surface  layer  of  oxide  is  being  etched  by  Si  beam, 
the  carbon  sitting  on  it  is  removed.  However,  since  the  thick¬ 
ness  of  remaining  oxide  still  exceeds  the  depth  resolution  of 
AES,  the  carbon  existing  in  porous  silicon  cannot  be  ob¬ 
served.  Consequently,  carbon  signal  drops.  As  the  oxide  is 
getting  thinner  due  to  the  etching  of  impinging  Si  beam,  car¬ 
bon  can  now  be  observed  by  AES,  resulting  in  the  increase  of 
the  carbon  signal,  which  will  eventually  go  down  again  as  the 
oxide  layer  is  etched  and  the  Si  epitaxial  growth  begins.  The 
as-grown  M  BE  samples  are  Schimmel  etched  for  30  s  and  the 
etch  pit  density  is  observed  by  Nomarski  microscopy.  An 
etch  pit  density  of  1 .7  X 103  cm  ~ 3  is  obtained.  Thus  we  dem¬ 
onstrate  that  the  Si  beam  method  is  very  effective  for  surface 
cleaning  porous  silicon  in  ultrahigh  vacuum. 

Si  MBE  layers  are  then  grown  on  porous  silicon  at 
750 'C  immediately  following  the  surface  cleaning  to  avoid 
any  recontamination  by  the  residual  gases  in  the  UHV 
chamber.  A  two-step  growth  technique  is  used  for  the  first 
layer  of  500-A  thickness  grown  at  a  lower  rate  (0.2  As"1) 
followed  by  a  second  layer  at  a  higher  growth  rate  ( 2  A  s  ' 1 ) . 
The  base  pressure  of  the  MBE  system  is  2  x  10“ 10  Torr  and 
the  pressure  during  the  growth  is  below  2  x  10 ' 9  Torr.  Fig¬ 
ure  2  shows  the  minimum  channeling  yield  of  the  Ruther¬ 
ford  backscattering  channeling  spectra  as  a  function  of  Si 
MBE  film  thickness.  The  inset  illustrates  the  RBS  channel¬ 
ing  spectrum  for  a  sample  having  a  0.42-/zm-thick  Si  MBE 
film  grown  on  porous  silicon;  a  minimum  yield  Xm  of  3%  is 
identical  to  that  of  single-crystal  silicon.  The  minimum 
channeling  yield  is  greatly  improved  after  a  Si  MBE  layer 
was  grown  on  the  porous  silicon  compared  to  the  virgin  po¬ 
rous  silicon  which  has  a  minimum  yield  of  22.4%.  The  film 
crystallinity  improves  further  as  the  Si  MBE  film  thickens, 
as  the  thickness  of  the  Si  MBE  film  exceeds  0.24  fi m,  the 
minimum  yield  indicates  that  the  crystallinity  of  the  Si  MBE 
film  is  close  to  that  of  ideal  single-crystal  Si.  Figure  3(a) 
shows  the  cross-sectional  transmission  electron  microscopy 
(TEM )  picture  of  the  interface  of  the  Si  MBE  film  and  po¬ 
rous  silicon.  The  Si  MBE  film  is  shown  to  have  a  high  crys¬ 
tallinity  although  some  microdefects  are  present  near  the 
interface.  The  electron  mobility  of  the  n  type  Si  MBE  film 
which  is  electrically  isolated  from  the p-type  porous  silicon 


(b) 

FIG.  3.  (a)  Cross-sectional  TEM  picture  of  the  interface  between  the  Si 
MBE  film  and  porous  silicon,  (b)  A  l00-/jm-wide  Si  MBE  island  is  com¬ 
pletely  isolated  by  the  oxidized  porous  silicon. 


substrate  is  measured  by  the  van  der  Pauw  method.  An  elec¬ 
tron  mobility  as  high  as  1300  cm2  V“ 1  s“ 1  was  obtained  for 
an  antimony-doped  Si  MBE  film  with  a  doping  concentra¬ 
tion  of  6 X 10' 5  cm-3  which  is  accomplished  during  Si  MBE 
growth  with  a  Sb  Knudsen  cell  heated  at  430  °C. 

The  SOI  structure  is  fabricated  as  followed.  The  sam¬ 
ples  are  wet  oxidized  at  750  °C  to  grow  a  500-A-thick  Si02 
layer.  Then,  2000-A-thick  Si3N4  is  deposited  on  the  Si02 
layer  by  low  pressure  chemical  vapor  deposition  ( LPCVD ) . 
After  lithographical  patterning,  Si  islands  are  formed  by  re¬ 
moving  SijN4,  Si02,  and  the  Si  MBE  film  using  plasma  etch¬ 
ing,  buffered  hydrofluoric  acid,  and  reactive  ion  etching,  re¬ 
spectively.  Then  the  samples  are  wet  oxidized  at  900  °C  for  4 
h.  During  the  oxidation,  the  porous  silicon  is  oxidized 
through  the  window  openings  and  the  oxidation  fronts 
moved  laterally  and  rapidly  underneath  the  Si  MBE  film 
until  they  met.  Therefore,  the  Si  MBE  islands  are  completely 
isolated  by  Si02  and  the  SOI  structures  are  accomplished  A 
cross-sectional  scanning  electron  microscope  (SEM)  pic¬ 
ture  of  a  100-/rm-wide  SOI  structure  is  shown  in  Fig.  3(b). 
The  nonplanarity  near  the  window  openings  is  mainly  due  to 
the  volume  expansion  of  the  porous  silicon  after  oxidation. 
This  effect  can  be  minimized  by  adjusting  the  porosity  of  the 
porous  silicon  to  0.55,  so  that  the  pore  volume  is  completely 
filled  by  SiOz  after  oxidation.  The  dimensions  of  the  SOI 
structures  are  limited  by  the  drastic  reduction  of  poious  sil' 
con  oxidation  rate  due  to  the  collapse  of  porous  structui. 
during  the  900  °C  oxidation  process.  An  alter  native  oxida 
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non  tecnnique  which  consists  of  two  oxidation  stages  is  now 
under  study  to  further  extend  the  dimensions  of  SOI  struc¬ 
tures. 

In  conclusion,  a  silicon  beam  method  has  been  success¬ 
fully  used  as  a  low-temperature  surface  cleaning  method  for 
porous  silicon  prior  to  Si  MBE  growth.  RBS  shows  that  the 
tail  of  the  AES  oxygen  signal  is  due  to  residual  oxygen  sitting 
on  the  pore  walls  which  cannot  be  reached  by  Si  beam,  and 
consequently  should  not  have  any  effect  on  the  following  Si 
MBE  growth.  The  etch  pit  density  of  the  as-grown  Si  MBE 
film  is  below  1.7  X  10'  cm  ~2.  The  RBS  channeling  spectrum 
of  the  Si  MBE  film  on  porous  silicon  has  a  minimum  yield  of 
3%  indicating  a  good  crystallinity.  The  crystallinity  of  the  Si 
MBE  film  on  porous  silicon  samples  improves  as  the  Si  MBE 


film  thickens.  An  electron  mobility  of  1300  cnr  V"  1  s”‘  is 
measured  by  the  van  der  Pauw  method  for  an  antimony  dop¬ 
ing  concentration  of  6x  10,s  cm'3.  SOI  islands  as  large  as 
100  /zm  wide  are  successfully  fabricated. 
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Large  silicon-on-insulator  (SOI)  structures  have  been  obtained  using  a  new  two-step  oxidation 
technique  on  a  silicon  molecular  epitaxial  film  grown  onto  a  porous  silicon  sample.  The  first 
low-temperature  oxidation  step  oxidizes  the  large-pore  silicon  underlayer  to  avoid  the  collapse 
of  the  porous  structure  and  thus  secure  the  lateral  oxygen  supply  channels  in  the  porous  oxide. 

In  the  second  step,  a  higher  temperature  is  used  to  oxidize  the  remaining  porous  silicon  and  the 
bottom  part  of  the  Si  molecular  beam  epitaxy  overlayer  with  the  oxygen  supplied  through  the 
oxidized  porous  silicon  underlayer.  A  new  porous  silicon  structure  used  is  composed  of  a  top 
porous  silicon  layer  which  has  a  smaller  porosity  for  the  ease  of  subsequent  silicon  epitaxial 
growth,  and  a  second  layer  with  a  larger  porosity  which  not  only  gives  oxygen  supply  channels 
during  the  SOI  oxidation  but  also  allows  the  volume  expansion  of  the  porous  silicon  oxide  to 
be  accommodated.  SOI  sizes  of  325  fim  X  2  mm  have  been  successfully  fabricated.  The 
breakdown  voltage  of  the  SOI  structures  is  about  400  V  and  the  leakage  current  densities 
between  the  SOI  layer  and  the  substrate  are  below  3  nA  cm-2  with  a  I0-V  bias,  /i-channel 
metal-oxide-silicon  field-effect  transistors  have  been  fabricated  on  the  SOI  structures  with  good 
characteristics,  indicating  that  this  technology  may  be  suitable  for  very  large  scale  integrated 
circuits  applications. 


Sihcon-on-insulator  (SOI)  structures  have  been  fabri¬ 
cated  by  utilizing  the  high  oxidation  properties  of  porous 
silicon. 1  However,  the  widths  of  the  SOI  structures  are  limit¬ 
ed  by  the  isotropic  nature  of  porous  silicon  formation.  Some 
approaches  have  been  taken  to  increase  anisotropy  forma¬ 
tion  of  porous  Si  for  larger  SOI  structures,  either  by  intro¬ 
ducing  a  p  *  epilayer2  or  by  utilizing  the  electrical  break¬ 
down  phenomenon  between  the  hydrofluoric  acid 
electrolyte  and  an  n  *  epilayer1  to  confine  the  formation  of 
porous  Si  inside  the/?  1  or  n*  epilayer.  The  width  of  struc¬ 
tures  has  been  thus  improved  to  45  /im.’  An  alternative  ap¬ 
proach  utilizing  silicon  molecular  beam  epitaxial  (Si  MBE) 
growth  on  porous  Si  has  been  used  to  increase  the  SOI  size.'* ' 
In  the  latter  approach,  porous  silicon  is  first  uniformly 
formed  by  anodizing  p  *  silicon  wafer  in  hydrofluoric  acid 
electrolyte.  Since  porous  Si  remains  single  crystalline  after 
being  made,  an  epitaxial  Si  layer  can  be  grown  onto  the  po¬ 
rous  Si.  After  patterning  the  Si  islands,  the  samples  are  wet 
oxidized  and  SOI  structures  as  wide  as  100 /zm  are  obtained.' 
Si  MBE  is  utilized  so  that  Si  epitaxial  layers  can  be  grown  on 
porous  Si  at  a  low  temperature  (750 ’C).  Since  the  porous 
structure  collapses  after  exposure  to  temperatures  higher 
than  800  "C,  the  complete  oxidation  of  porous  silicon  be¬ 
comes  difficult/1  With  its  unique  attribute  of  low  growth 
temperature,7  Si  MBE  is  thus  ideal  for  the  Si  epitaxial 
growth  on  porous  silicon.  Integrated  circuits  as  well  as  dis¬ 
crete  devices  fabricated  in  Si  MBE  layers  have  been  report- 
ed.*'12  Si  MBE  films  grown  on  porous  silicon  have  been  pre¬ 
viously  demonstrated  to  have  a  good  crystallinity  and  low 
dislocation  densities,' 

In  all  the  previous  oxidized  porous  silicon  (OPS)  SOI 
approaches,  the  porous  silicon  is  oxidized  to  form  the  insu¬ 
lating  oxide  of  the  SOI  structure.  This  process  often  results 
in  excessive  wafer  warpage  and  defect  development  in  the 
silicon  islands  due  to  the  volume  expansion  of  the  porous 


silicon  oxide.*  Since  the  porous  silicon  layers  are  formed  pri¬ 
or  to  Si  MBE  growth  in  our  approach,  the  porous  silicon 
structures  can  be  optimized  to  allow  proper  oxygen  flow  and 
thus  the  SOI  size  can  be  increased.  Similarly,  the  volume 
expansion  of  the  porous  silicon  oxide  can  be  reduced.  In  this 
study,  a  new  two-layer  porous  silicon  structure  is  used.  The 
top  porous  silicon  layer  has  a  smaller  porosity  for  the  ease  of 
the  subsequent  epitaxial  growth  and  forms  a  dense  oxide 
layer  after  the  SOI  oxidation  as  part  of  the  insulating  layer. 
The  second  porous  silicon  layer  has  a  larger  porosity 
{  >  55% )  and  oxygen  flows  readily  through  the  pores  during 
oxidation  so  that  the  bottom  part  of  the  Si  MBE  overlayer 
can  be  uniformly  oxidized.  The  specific  thicknesses  and  the 
porosities  of  the  porous  silicon  layers  can  be  selected  by  the 
anodizing  time,  the  HF  (hydrofluoric  acid)  concentration, 
and  the  anodizing  current  density.  Figure  1  shows  the  poro¬ 
sities  of  the  porous  silicon  layers  fabricated  from  p  '  wafers 
for  various  anodizing  current  densities  and  HF  concentra- 
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tions.  By  proper  control  of  the  porosity,  larger  SOI  sizes  can 
be  accomplished.  The  volume  expansion  of  the  porous  sili¬ 
con  oxide  can  also  be  accommodated  in  this  porous  silicon 
layer  due  to  its  large  porosity.  To  accomplish  this  goal,  a 
two-step  oxidation  technique  is  used.  The  first  low-tempera¬ 
ture  oxidation  step  oxidizes  the  porous  silicon  underlayer  to 
avoid  the  collapse  of  the  porous  structure  and  thus  the  lateral 
oxygen  supply  channels  in  the  porous  oxide  are  secured.  In 
the  second  oxidation  step,  a  higher  temperature  is  used  to 
oxidize  the  bottom  part  of  the  Si  MBE  overlayer  with  oxy¬ 
gen  flowing  through  the  porous  oxide.  SOI  structures  as 
wide  as  325  yum  have  been  successfully  fabricated,  and  the 
size  is  apparently  limited  by  the  largest  mask  feature  avail¬ 
able.  Ultimately,  the  size  is  limited  by  the  lateral  diffusion  of 
oxygen  through  the  porous  layers. 

The  porous  silicon  samples  are  fabricated  as  followed.  Si 
( 100)  wafers  with  a  resistivity  of  0.01-0.02  il  cm  are  anod¬ 
ized  in  30%  HF  electrolyte.  The  porosity  of  the  porous  Si 
can  be  varied  by  adjusting  either  the  HF  concentration  or  the 
anodizing  current  density  as  shown  in  Fig.  1 .  The  two  porous 
Si  layers  are  prepared  by  using  two  different  anodizing  cur¬ 
rent  densities.  First,  an  anodizing  current  density  of  13 
mA  cm  ’  is  used  for  30  s  and  then  the  anodizing  current 
density  is  increased  to  1 30  m A  cm  \  After  the  formation  of 
the  porous  silicon  layers,  a  protective  thin  oxide  is  chemical¬ 
ly  grown  on  the  sample  surface  and  the  sample  is  loaded  into 
the  ultralngh  vacuum  (UHV)  MBE  chamber. 


lb) 


FIG.  2  (a)  325-/im-wule  Si  MBt  island  is  complcicl)  isolated  by  (he  oxi- 
dued  porous  Si  lb)  Cross-sectional  picture  of  SOI  structures  cc  ith  various 
widths 
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A  Si  MBE  layer  1.75/zm  thick  is  grown  on  the  porous  Si 
in  the  UHV  chamber  with  a  base  pressure  of  2X  10  10  Torr 
and  a  growth  pressure  below  2x  10  "  Torr.  A  growth  tem¬ 
perature  of  750  °C  is  used  to  assure  that  the  high  oxidation 
rate  of  porous  Si  is  preserved.  A  low-temperature  surface 
cleaning  method'  which  involves  the  use  of  a  low  flux  S 
molecular  beam  is  employed  to  clean  the  porous  silicon  sur¬ 
face.  The  MBE  growth  immediately  follows  the  surface 
cleaning  to  avoid  any  recontamination  by  residue  gases  in¬ 
side  the  UHV  chamber.  The  Si  MBE  layer  is  then  patterned 
to  form  Si  islands  2  mm  long  and  of  various  widths  by  reac¬ 
tive  ion  etching,  and  part  of  the  porous  silicon  is  exposed  for 
subsequent  oxidation.  The  SOI  structures  are  formed  by  wet 
oxidizing  the  samples  at  750  °C  for  2  h,  followed  by  a  second 
oxidation  step  at  950  °C  for  two  more  hours.  After  oxidation, 
the  sample  is  annealed  in  N2  for  20  min.  Metal-oxide-silicon 
field-effect  transistors  (MOSFET’s)  are  fabricated  on  the 
SOI  islands  using  standard  n+  polycrystalline  silicon  poly¬ 
silicon  gate  process  with  a  40-nm-thick  gate  oxide. 

The  cross-sectional  view  of  the  SOI  structure  is  shown 
in  Fig.  2(a).  SOI  structures  325/zm  wide  and  2  mm  long  are 
completely  isolated  by  Si02.  In  Fig.  2(b),  SOI  structures 
with  widths  of  5,  10,  25,  and  50 /m  are  shown.  Figure  2(b) 
clearly  demonstrates  that  the  surfaces  of  the  SOI  structures 
are  planar.  In  Fig.  3(a),  the  cross-sectional  scanning  elec¬ 
tron  microscope  (SEM)  picture  shows  that  the  bottom  part 
of  the  Si  MBE  layer  near  the  porous  silicon  interface  is  uni¬ 
formly  oxidized  and,  as  a  consequence,  the  Si/Si02  interface 
moves  from  the  epi-Si/porous  silicon  interface  into  the  bulk 
of  Si  MBE  layer,  resulting  in  improved  electrical  properties 
of  the  Si/Si02  interface.  This  is  demonstrated  by  the  low 
source-drain  leakage  currents  ( <  l  pA)  of  the  SOi 
MOSFET’s  with  channel  width  and  length  of  20/rm  and  5 
/rm,  respectively. 

As  shown  in  Fig.  3(b),  the  lower  portion  of  the  oxide  is 
porous  due  to  its  original  large  porosity.  This  porous  oxide 
provides  channels  for  oxygen  supply  during  the  SOI  oxida¬ 
tion  process,  so  that  the  bottom  of  the  Si  MBE  layer  can  be 
uniformly  oxidized.  As  a  result,  identical  oxide  thicknesses 
of  the  top  part  and  the  bottom  part  of  the  Si  MBE  layer  are 
obtained  (0.33  ftm).  The  uniformity  of  the  oxide  at  the 
Si  MBE  bottom  layer  across  the  SOI  structures  is  shown  in 
Fig.  3(a).  The  maximum  SOI  dimension  (325 /im)  accom¬ 
plished  in  this  study  is  only  limited  by  the  largest  feature  of 
the  present  mask  size,  and  by  no  means  presents  the  ultimate 
size  limit  of  the  SOI  dimension  achievable  by  this  approach. 
The  maximum  size  of  SOI  structures  will  thus  depend  on  the 
oxygen  supply  capability  of  the  porous  oxide  during  the  SOI 
fabrication  process,  which  in  turn  is  determined  by  the  po¬ 
rous  structures  of  the  porous  Si  as  well  as  by  the  oxidation 
conditions. 

However,  the  porous  property  of  the  underlying  oxide 
may  cause  some  problems  during  subsequent  IC  fabrication 
processes  since  it  can  be  etched  off  easily  by  HF.  Lift-olf  of 
the  SOI  Si  MBE  layer  has  been  occasionally  observed  during 
the  oxide  etching  process  because  of  the  high  etching  rate  of 
the  porous  oxide.  This  problem  is  solved  by  depositing  ? 
protective  Si,N4  layer  on  the  porous  oxide. 

A  breakdown  voltage  of  400  V  was  measured  for  all  the 
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FIG  3  (a)  Cross-sectional  SEM  picture  shows  that  the  bottom  ofSi  MBE  layer  is  uniformly  oxidized,  (b)  The  oxide  of  the  second  layens  porous. 


SOI  structures  on  the  substrate.  Leakage  current  densities 
between  the  SOI  structure  and  the  substrate  are  below  3 
nA  cm  2  with  a  10-V  bias  measured  for  SOI  structures  of 
325/z m  a  2  mm.  The  results  indicate  good  insulating  proper¬ 
ties  of  the  insulating  layers  which  consist  of  both  the  porous 
silicon  oxide  and  the  oxide  of  the  Si  MBE  bottom  layer. 

Figure  4  shows  the  current-voltage  characteristics  of  a 
fabricated  SOI  //-channel  MOSFET  with  channel  width  and 
length  of  20 //m  and  5//m,  respectively.  The  gate  oxide  thick¬ 
ness  is  40  nm  The  source  to  drain  leakage  current  is  below  1 
pA  with  F>ts  of  0.05  V.  The  “kink"  effect  observed  at  higher 
values  of  is  typical  of  the  SOI  device  with  a  floating 
ubstrate.  The  electron  field-eflcct  mobility  calculated  by  the 
conductance  in  the  triode  region  is  730  cm2  V  '  s  '. 
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FIG  4.  Current-voltage  characteristics  of  an  SOI  n-channcl  MOSFET  with 
a  channel  width  and  channel  length  of  20/im  and  5/im.  respectively. 


In  conclusion,  SOI  structures  with  dimensions  of  325 
/zmX2  mm  have  been  successfully  fabricated.  The  cross- 
sectional  view  shows  that  the  surfaces  of  both  SOI  islands 
and  insulating  oxide  are  flat,  suggesting  volume  expansion 
during  oxidation  is  accommodated  by  the  pores.  The  porous 
oxide  provides  adequate  channels  for  oxygen  supply  during 
the  SOI  oxidation,  so  that  the  bottom  part  of  the  Si  MBE 
layers  is  uniformly  oxidized.  The  result  suggests  that  still 
larger  SOI  dimensions  could  be  accomplished  by  using  this 
two-step  oxidation  technique.  A  breakdown  voltage  of 400  V 
and  leakage  current  densities  below  3  nA  cm  2  with  a  10-V 
bias  indicate  good  insulating  properties.  MOSFET’s  have 
been  fabricated  on  the  SOI  islands  with  good  characteristics 
suggesting  that  this  technology  is  suitable  for  very  large  scale 
integrated  circuit  applications. 
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Boron  oxide  interaction  with  silicon  in  silicon  molecular  beam  epitaxy 
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B,0,  decomposition  by  reaction  with  Si  has  been  studied  in  situ  by  Auger  electron 
spectroscopy  in  a  Si  molecular  beam  epitaxy  environment  as  a  function  of  the  silicon  flux 
(0  <JS,  <  14.5  A/min)  and  the  growth  temperature  (25  °C<  T,  <800°C).  Quantitative 
analysis  of  Auger  signals  indicates  that  oxygen  is  associated  with  both  SiO,  and  B,0,.  Below  a 
critical  substrate  temperature  ( Tt  <  500  *C),  no  reaction  occurs  between  B,03  and  Si.  When 
the  substrate  temperature  is  higher  than  500  °C,  the  atomic  fraction  of  Si  and  B  increases  while 
that  for  SiO,  and  B,0,  decreases.  The  chemical  reaction  which  causes  the  signal  changes  is 
thermally  activated,  as  shown  by  the  dependence  of  the  oxygen  on  boron  concentration  ratio, 

7(0/B],  which  drops  rapidly  according  to  an  Arrhenius  relation  with  an  activation  energy 
Ea  —  4-5  ±  1.0  eV.  From  the  experimental  results,  we  propose  a  model  which  involves  B,0, 
reduction  by  Si  to  form  the  (Si-B)  and  SiO,  phases.  SiO,  is  then  decomposed  by  Si 
bombardment  on  the  surface  to  produce  SiO  which  subsequently  desorbs. 


Recently,  it  has  been  reported  that  boron  doping  of  Si  in 
molecular  beam  epitaxy  can  be  accomplished  using  B,0,  as 
a  source  material  from  an  effusion  cell.1 3  The  authors  have 
demonstrated  the  ability  of  using  this  technique  to  obtain 
films  having  a  high  doping  level  (7x  lO1**  cm*')  with  an 
abrupt  doping  profile.  Furthermore,  the  oxygen  content  ob 
served  in  the  cpilaycrs  was  shown  to  be  below  the  secondary 
ion  mass  spectroscopy  detection  limit  (lx  10,x  cm"').  In 
these  studies,  the  sticking  coefficient  and  boron  incorpora¬ 
tion  probability  were  found  constant  in  the  growth  tempera¬ 
ture  range  between  550  and  800  °C. 

In  this  work,  we  investigated  the  decomposition  reac¬ 
tion  of  B,0 ,  by  Si  and  the  escape  of  oxygen  during  growth  as 
a  function  of  the  silicon  flux  (7bl )  and  the  substrate  tempera¬ 
ture  ( T, ) .  The  films  have  been  grown  in  a  Si  molecular  beam 
epitaxy  system  (Si  MBE)  under  ultrahigh  vacuum  condi¬ 
tions  (base  pressure  1  X  10" 10  Torr).  Surface  atomic  frac¬ 
tions  were  probed  in  situ  by  Auger  electron  spectroscopy 
(AES)  using  a  single  pass  cylindrical  mirror  analyzer  from 


Physical  Electronics. 

In  experiments,  n-type  (100)  Czochralski  silicon  wafers 
with  resistivities  ranging  from  1  to  20  fl  cm  were  used.  The 
wafers  were  chemically  cleaned  in  a  series  of  degreasing,  oxi¬ 
dizing,  and  reducing  solutions.’  A  protective  oxide  layer  was 
left  prior  to  transferring  the  sample  into  the  MBE  system. 
The  oxide  layer  was  then  in  situ  thermally  removed  by  heat¬ 
ing  the  sample  at  900  °C  for  10  min.  The  substrate  tempera¬ 
ture  was  measured  using  an  optical  pyrometer  itself  being 
calibrated  by  detecting  the  melting  point  of  an  aluminum 
piece  stuck  on  a  Si  sample.  The  silicon  deposition  source  is  a 
12  kW  electron  beam  evaporator  from  Temescal  Company. 
The  Si  flux  was  monitored  by  a  quartz  crystal  sensor.  Boron 
oxide  was  evaporated  from  an  effusion  cell.  In  all  the  mea¬ 
surements,  the  system  pressure  never  exceeded  5x10  *' 
Torr. 

Two  sets  of  experiments  were  performed  on  two  differ¬ 
ent  substrates  to  study  the  dependence  of  the  atomic  surface 
concentrations  on  the  silicon  flux  and  the  growth  tempera- 


F1G  1,  Evolution  of  the  Si.  Si  oxide,  and  O  atomic 
fractions  ( in  percent )  as  a  function  of  the  silicon  flux 
(0<7Sl<)4.5  A/min)  The  growth  temperature 
(7*,  =690*0  and  the  boron  oxide  flux  (Zj-Ob 
A/mm)  were  kept  constant.  Inset:  Auger  spectrum, 
taken  for  J =  1  A/min,  showing  the  Si  oxide  (76 
eV),  Si(92  eV),  B  oxide  (171  eV),and  B  (182  eV) 
transitions.  The  residual  oxygen  signal  observed  for 
high  Si  fluxes  is  probably  due  to  surface  contamina¬ 
tion  during  AES  data  acquisition. 
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FIG.  2.  Evolution  of  the  B  and  B  oxide  atomic  frac¬ 
tions  ( in  percent)  as  a  function  of  the  silicon  flux.  The 
growth  conditions  arc  the  same  as  in  Fig,  1. 


SILICON  FLUX  (A/min)  ^ 

ture.  In  the  first  set,  Jbl  was  varied  from  14.5  to  0  A/min, 
while  the  dopant  flux  J,,  and  the  substrate  temperature  7”, 
were  kept  constant  (boron  oxide  cell  temperature 
Tc  =  1040 °C,Jd  =;0.6  A/min,  7",  =  690  'C).  In  the  second 
set,  Si  and  dopant  fluxes  are  kept  constant  (J^,  =  14  A/min, 
Tc  =  1070  'C)  while  T,  is  varied  from  800  to  25  *C.  In  both 
cases,  a  pure  silicon  layer  (with  a  thickness  of  30-10  A  and 
60  A  for  the  first  and  second  cases,  respectively )  was  depos¬ 
ited  in  order  to  separate  the  previously  co-deposited  layers 
(Si-BX),)  to  ensure  a  reproducible  fresh  starting  condition 
for  the  subsequent  experiments.  All  the  Auger  data  were 
obtained  after  quenching  the  sample  to  near  room  tempera¬ 
ture. 

A  typical  Auger  spectrum  is  shown  in  the  inset  of  Fig.  1 
for  the  first  set  of  experiments  with  J^,  -  1  A/min  and 
T,  -  690  °C.  We  can  clearly  discriminate  the  transitions  of 
pure  (92  eV)  and  oxidized  (76  eV)  silicon4  as  well  as  ele¬ 
mental  ( 1 82  eV )  and  oxidized  ( 1 7 1  eV )  boron.'  From  these 


spectra,  atomic  fractions  of  silicon  and  boron,  as  well  as  their 
oxides  and  oxygen,  have  been  calculated  using  the  sensitivity 
factors  given  in  Refs.  4  and  5.  Results  have  been  plotted  as  a 
function  of  the  silicon  flux  as  shown  in  Fig.  1  for  Si,  Si  oxide 
and  O,  and  in  Fig.  2  for  B  and  B  oxide.  At  this  growth  tem¬ 
perature  (690 °C)  and  for./Sl  =  0  A/min,  B;0,  reacts  with 
the  substrate  and  decomposes  to  form  Si  oxide  ( 16%  of  the 
total  surface  concentration)  and  elemental  boron  (8%) 
phases.  When/Sl  increases,  B_,0,  decomposition  accelerates 
and  the  atomic  fraction  values  change  as  shown  in  Fig* 
and  2.  Practically,  for  this  set  of  experimental  conditions, 
the  reaction  between  Si  and  B,0,  is  completed  for  the  Si  flux 
below  3  A/min.  For/Sl  =  3  A/min,  B  oxide,  oxygen,  and  Si 
oxide  represent  only  a  few  percent  of  the  surface  composi¬ 
tion.  At  this  low  flux  range,  the  boron  fraction  first  increases 
along  with  that  of  silicon  at  the  expense  of  the  boron  oxide 
concentration,  then  passes  through  a  maximum,  and,  finally 
decreases  as  illustrated  in  Fig.  2.  The  maximum  is  due  to  the 


FIG.  3.  Relation  between  the  oxygen  atomic  fraction 
(inpercenl)andthesumof2x/|Sioxide|  +  l.5x/ 
|  B  oxide  |,  assuming  that  the  Auger  Si  oxide  and  B 
oxides  transitions  arc  associated  to  SiO,  and  B,0,. 
Results  are  calculated  from  Figs.  1  and  2. 


2xl(Si-oxide)  +  1.5xl(B-oxide) 
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FIG.  4.  Arrhenius  plot  of  the  oxygen/boron  con¬ 
centration  ratio  for  the  growth  temperature  range 
25  ’C  <  T,  <  800  'C.  The  Si/dopant  flux  ratio  was 
kept  constant  around  the  value  J$,  /Jd  =20. 


1000/T  (K-1) 

fact  that  B,Oj  is  completely  reduced  by  the  silicon  flux.  This 
oxygen  and  Si  oxide  removal  from  the  surface  is  most  prob¬ 
ably  realized  by  desorption  of  SiO,  after  decomposition  of 
theSi02  phase  into  SiO  by  Si.  The  removal  of  Si02  resulting 
from  the  reaction  with  the  impinging  Si  or  with  substrate  Si 
has  already  been  studied6  and  this  technique  is  presently 
used  in  Si  MBE  as  a  low-temperature  cleaning  method.7 
Oxygen  is  distributed  between  Si02  and  B203  as  evidenced 
irom  the  Auger  transitions  at  76  eV  and  171  eV  which  are 
associated  with  Si  oxide  and  B  oxide,  respectively.  The  oxy¬ 
gen  concentration  can  be  plotted  as  a  function  of  the  relation: 
2x/(Si  oxide]  +  1.5X/[B  oxide).  Figure  3  shows  a  linear 
relation  with  a  unity  slope,  suggesting  that  almost  all  the 
oxygen  is  associated  with  Si02  and  B20v  An  apparent  resid¬ 
ual  oxygen  concentration  at  the  origin  of  Figure  3,  i.e.,  a  gap 
of  3  5%  on  the  surface  concentration  observed  between  the 
fitted  line  and  a  line  passing  by  the  origin,  is  probably  due  to 
oxygen  contamination  during  data  acquisition. 

The  temperature  effect  on  the  reduction  of  B203  by  Si 
was  studied  by  the  same  AES  technique.  Results  are  present¬ 
ed  in  Fig  4  where  the  oxygen/boron  concentration  ratio 
/[0/B]  is  plotted  as  a  function  of  the  inverse  of  the  growth 
temperature.  The  sum  of  the  two  boron  phases  (B  +  B  ox¬ 
ide)  was  taken  for  the  boron  concentration.  In  this  measure¬ 
ment,  the  dopant-to-silicon  flux  ratio  was  approx¬ 
imately  1/20.  In  the  low-temperature  region  (7,  <  500  °C), 
/[O/B]  —  1.5  remains  constant.  Its  value  corresponds  to 
the  stoichiometric  B203  ratio.  No  chemical  reaction  is  seen 
between  Si  and  B203  and  the  oxide  is  imbedded  in  the  silicon 
layer.  In  the  second  temperature  region  (r,^500°C), 
/[O/B]  decreases  rapidly  according  to  an  Arrhenius  rela¬ 
tion.  The  activation  energy  has  been  calculated  to  be 
Ea  =  4.5  +  1.0  eV.  Several  kinetic  phenomena  are  account¬ 
able  for  this  activation  energy.  B203  decomposition  and 
ii02  formation  by  chemical  reaction  with  Si,  Si02  decom¬ 
position  and  SiO  desorption. 

In  conclusion,  a  study  of  B203  reduction  resulting  from 


reaction  with  the  silicon  beam  has  been  performed  as  a  func¬ 
tion  of  the  silicon  flux  and  the  growth  temperature.  The  Au¬ 
ger  observations  show  the  following.  ( 1 )  Distinct  Auger 
peaks  for  elemental  and  oxide  phases.  Oxygen  when  detected 
is  essentially  associated  with  Si02  and  B203.  (2)  Below  a 
critical  temperature  ( Ts  <  500  *C),  no  chemical  reaction  oc¬ 
curs  between  Si  and  B203.  (3)  For  Ts  >  500  *C,  B203  is  re¬ 
duced  by  chemical  reaction  with  impinging  Si  and  substrate 
Si  to  form  the  (Si-B)  and  Si02  phases.  (4)  Both  phases 
evolve  according  to  a  sigmoidal  reaction  curve  as  a  function 
of  JSl,  increasing  for  (Si-B)  and  decreasing  for  Si02.  (5) 
Si02  is  decomposed  by  the  Si  bombardment  to  produce  SiO 
which  in  turn  desorbs.  (6)  The  overall  decomposition/de¬ 
sorption  kinetics  is  thermally  activated  above  the  critical 
temperature  as  shown  by  the  Arrhenius  behavior  of  the 
/[O/B]  concentration  ratio.  The  activation  energy  is  found 
to  be  Ea  =  4.5  +  1.0  eV.  (7)  Extrapolation  of  the  data  for 
sufficient  high  temperature  ( Ts  >600°C)  and  high  Si  flux, 
such  as  these  used  in  realistic  Si  MBE  growth  conditions, 
indicates  that  only  the  (Si-B)  phase  remains  in  the  layer. 
This  makes  the  B203  effusion  cell  source  a  good  candidate  to 
grow  high-doped  p-type  epilayer  in  Si  molecular  beam  epi¬ 
taxy  . 
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The  growth  of  Ge,Si,  _  ,  thin  films  on  silicon  has  received 
much  attention  recently  because  of  both  fundamental  inter¬ 
est  in  overlayer  ordering  as  well  as  potential  device  applica¬ 
tions  using  the  tunable  band  gap.1-3  Although  progress  has 
made  it  possible  to  grow  high-quality  pseudomorphic 
Si/Ge^Si,.*  multilayer  structures,'  the  initial  stage  of 
growth  of  Ge, Si,  _  „  thin  films  and  their  surface  structures 
still  remains  relatively  unknown.  This  motivated  us  to  inves¬ 
tigate  the  surface  reconstruction  of  Ge,  Si ,  _  ,  /Si  (111)  dur¬ 
ing  growth  using  reflection  high-energy  electron  diffraction 
(RHEED). 

Surface  reconstruction  of  Ge,Si,_,/Si(lll)  films  after 
growth  have  been  examined  by  a  number  of  authors4-3  using 
low-energy  electron  diffraction  (LEED).  A  7x7  LEED 
pattern  was  observed  by  Gossmann  el  al*  for  thin  films 
(  —65  A)  of  Ge  grown  by  molecular-beam  epitaxy  (MBE) 
on  the  Si(  1 1 1  )-7  x  7  substrate  and  the  Geo ,  Sio ,  film  clearly 
showed  a  5x5  LEED  pattern.  Furthermore,  McRae3  and 
Shoji  et  al.*  studied  the  epitaxy  of  Ge  on  Si  ( 1 1 1 )  vicinal 
surfaces  and  observed  the  formation  of  5  x  5  LEED  patterns 
after  annealing.  However,  to  our  best  knowledge,  no 
RHEED  studies  concerning  Geo,  Sio.,  on  Si  ( 1 1 1 )  vicinal 
surfaces  have  been  reported.  As  far  as  in  situ  characteriza¬ 
tion  of  thin  films  during  the  growth  is  concerned,  RHEED 
provides  information  regarding  both  crystallinity  and  sur¬ 
face  reconstruction.  In  this  paper,  we  report  for  the  first  time 
the  studies  of  the  surface  reconstruction  of  Geo, Sic,  on 
Si(  1 1 1 )  during  the  initial  stage  of  growth  using  RHEED. 

Thin  films  of  Geo ,  Sio ,  alloy  were  grown  in  a  MBE  system 
with  a  base  pressure  less  than  3x10“  l0Torr.  The  system  has 
electron-bom  evaporators  for  silicon  and  germanium,  and  a 
RHEED  for  in  situ  characterization  of  films.  The  accelera¬ 
tion  voltage  of  the  RHEED  apparatus  was  10  kV.  The  fluxes 
from  the  Si  and  Ge  sources  were  separately  sensed  and  moni¬ 
tored  by  an  Inficon  Sentinel  III  deposition  controller  and 
calibrated  using  a  quartz  thickness  monitor.  Both  Si  and  Ge 
thicknesses  from  the  quartz  monitor  were  calibrated  by  mea¬ 
suring  the  actual  thickness  using  a  Dektak  II  thickness  pro¬ 
filer.  The  substrate  temperature  and  the  substrate  heater 
power  were  cross  checked  using  an  optical  pyrometer. 

Prior  to  loading  the  samples  into  the  growth  chamber, 
silicon  substrates  were  precleaned  by  Shiraki’s  method.* 
Then,  the  protective  oxide  film  was  removed  in  situ  by  a 
silicon-beam  self-cleaning  method  with  a  Si  flux  of  2x  1013 
cm-2  s-'  at  750  *C  for  3  min.  After  the  Si  flux  cleaning,  a 
1000-A  Si  buffer  layer  was  grown  on  the  substrate  at  750  ’C 
to  further  improve  the  quality  of  the  surface.  Then,  a 
Geo.jSio.,  layer  was  grown  on  the  substrate  at  550  *C.  The 
growth  rate  was  ~  1  A/s  and  the  pressure  during  the  growth 


was  2-5  X 10-9  Torr.  The  Ge,Si,_„  film  thickness  (80  A) 
was  kept  under  the  critical  thickness  in  order  to  prevent  the 
development  of  misfit  dislocations.9  The  RHEED  patterns 
were  continuously  monitored  using  a  video  camera. 

Figure  1  shows  a  clear  7x7  surface  structure  after  a  1000- 
A-thick  undoped  Si  buffer  layer  is  grown  on  the  substrate. 
The  RHEED  pattern  of  the  Geo  ,  Sio.,  epitaxial  layer  grown 
on  Si(  111)  shows  a  5x5  superstructure  as  shown  in  Fig.  2. 
The  Geo.,Sio.,  ( 1 1 1  )-5  X  5  pattern  is  analogous  to  the  ones 
previously  reported4  using  LEED  for  MBE-grown 
Geo.,  Sio.,  *lms- 

There  is  little  understanding  as  to  why  the  surface  struc¬ 
ture  of  Geo., Sio,/Si(l  11)  is  5x5.  Gossmann  et  al. 4  pro¬ 
posed  that  the  formation  of  Geo.,  Sio.,  alloy  due  to  Ge  indif¬ 
fusion  during  the  Ge  epitaxy  on  Si(  1 1 1 )  is  responsible  for 
the  formation  of  the  5x5  reconstruction,  while  Philips10 
suggested  that  strain  existing  in  the  Ge,Si,  _ ,/Si  film  is  a 
contributing  factor  in  determining  the  surface  reconstruc¬ 
tion  from  7  x  7  to  5  X  5.  This  also  agrees  with  the  fact  that  the 
surface  reconstruction  of  a  relaxed  Ge  film  on  Si  ( 1 1 1 )  shows 
a  7X7  LEED  pattern.6 


FJO.  J.  A  7x7  RHEED  pattern  slier  a  1000-A-tiuck  Sr  buffer  layer  was 
grown  on  a  Su  1 1 1 )  aubatrate  (obtained  from  (HO)  azimuth) 
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Fic.  2.  A  5x5  RHEED  pattern  during  Ge.Si,'. ,  film  growth  (obtained 
from  (110)  azimuth,  x  =  0  5  and  the  film  thickness  =  80  A ) . 


In  summary,  we  have  observed  a  7X7-5X5  RHEED 
reconstruction  pattern  transition  during  Ge^S^s  film 
growth  on  Si(  1 1 1 )  substrate.  Further  studies  of  the  surface 
reconstruction?  of  Ge,Si,  films  may  provide  important 
clues  for  the  understanding  of  the  strain  dependence  of 
RHEED  patterns  and  the  origin  of  the  different  reconstruc¬ 
tion. 
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It  is  known  that  the  recombination  mechanism  in  narrow-band-gap  semiconductor  lasers  is 
dominated  by  the  Auger  process.  An  attempt  to  use  the  intersubband  transitions  in  the  superlat¬ 
tice  for  lasers  is  thus  restricted  by  the  Auger  recombination  process.  The  intersubband  Auger 
recombination  process  is  different  from  the  conduction  to  valence-band  Auger  process  since  the 
subbands  have  different  band  structures,  resulting  in  a  different  overlap  integral  and  probability 
weighting  function.  The  probability  weighting  function  is  comparable  to  that  of  the  valence  to 
conduction-band  Auger  process  for  narrow-band-gap  (<0.3  cV)  bulk  material.  The  overlap  in¬ 
tegral  can  be  reduced  by  adjusting  the  miniband  bandwidth.  However,  there  is  a  tradeoff  in  con¬ 
trolling  the  bandwidth  for  a  lower  Auger  rate  (requiring  narrower  bandwidth)  and  for  a  larger  car¬ 
rier  injection  (requiring  wider  bandwidth).  A  closed  form  of  the  intersubband  Auger  rate  is  de¬ 
rived.  It  gives  a  much  weaker  band-gap  and  temperature  dependence.  Due  to  the  adjustable  over¬ 
lap  integral,  the  intersubband  Auger  rate  can  be  made  much  lower  than  that  of  the  conventional 
conduction  to  valence-band  transition  of  the  same  band  gap. 


I.  INTRODUCTION 

The  physics  of  intersubband  optical  transitions  in 
quantum  well  structures  and  the  device  applications 
have  been  extensively  studied  by  many  authors.1-10  The 
term  "intersubband  transitions”  is  used  to  refer  to  the 
subband-to-subband  transitions  occurring  within  only 
the  condition  subbands  or  within  only  the  valence  sub¬ 
bands.  The  intersubband  optical  transitions  have  many 
unique  features  as  compared  to  the  usual  valence-  to 
conduction-band  transitions.  First,  the  absorption  or 
gain  coefficient  is  sharp,  analogous  to  an  atomic  two- 
level  system.  Second,  the  subband-to-subband  energy 
gaps  as  well  as  the  bandwidths  can  be  tuned.  The  inter¬ 
subband  in  superlattices  can  be  treated  as  a  man-made 
narrow-band-gap  material  with  almost  arbitrarily  con¬ 
trollable  parameters.  Indirect-band-gap  material  such  as 
Si  and  Ge  can  be  used  for  lasing  and  it  occurs  as 
“direct"  transition  regardless  of  the  nature  of  the  host 
bulk  material. 

In  order  to  access  the  merits  of  the  intersubband  tran¬ 
sition  for  lasers,  two  problems  remain  to  be  solved.  One 
is  the  pumping  for  population  inversion;  the  other  is  the 
reduction  of  nonradiative  recombination  rates.  The  for¬ 
mal  will  be  discussed  briefly  later.  As  for  the  nonradia¬ 
tive  recombination  process,  we  first  consider  the  transi¬ 
tion  energies  of  intersubband  transitions,  which  are  typi¬ 
cally  on  the  order  or  less  than  a  few  tenths  of  eV,  corre¬ 
sponding  to  the  transition  frequency  in  the  infrared 
range.  In  narrow-band-gap  semiconductor  laser  materi¬ 
al  however,  the  nonradiative  decay  of  the  injected  car¬ 
riers  at  the  lasing  condition  is  dominated  by  the  band- 
to-band  Auger  recombination.11  It  is  thus  important  to 
study  the  Auger  process  in  the  intersubband  transition 
in  superlattices.  This  paper  proceeds  to  analyze  the 
dominant  nonradiative  Auger  recombination  process. 

The  fundamental  theory  of  the  Auger  recombination 
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was  first  treated  by  Beattie  and  Landsberg.12  Since  then 
several  authors  have  calculated  the  band-to-band  Auger 
rates  involving  the  light  hole13  and  the  split-off  band 
hole.14  More  complex  calculations  for  phonon-assisted, 
trap  Auger  and  second-Auger  processes  have  taken  into 
account  nonparabolic  bands,  Fermi  statistics,  and 
screening  effects  in  the  case  of  bulk  semiconductors.15'18 
In  this  paper  the  intersubband  Auger  recombination  was 
treated.  It,  however,  is  different  from  the  above  calcula¬ 
tions  in  that  the  intersubband  case  has  different  band 
structures  and  a  different  overlap  integral  and  a  proba¬ 
bility  weighting  function.  The  probability  weighting 
function  is  shown  to  be  comparable  to  the  conduction- 
to-valence  Auger  process  for  narrow-band-gap  cases; 
while  the  overlap  integral  can  be  reduced  by  adjusting 
the  miniband  bandwidth.  An  analytic  form  has  been  ob¬ 
tained  for  the  intersubband  Auger  process,  and  it  shows 
that  the  recombination  has  a  much  less  band-gap  and 
temperature  dependence.  From  this  formulation  we 
show  that  the  intersubband  transition  has  a  significantly 
lower  Auger  rate  than  the  conventional  semiconductor 
lasers  of  the  same  bandgap  due  to  the  adjustable  overlap 
integral,  although  the  Auger  remains  to  be  the  dominant 
recombination  process. 

II.  MATRIX  ELEMENT 

For  a  two-level  system,  all  the  possible  Auger  interac¬ 
tions  are  depicted  in  Fig.  1.  In  Fig.  1,  1(a)  and  1(b)  are 
the  recombination  processes,  while  1(c)  and  1(d)  are  their 
corresponding  inverse  processes,  the  impact  ionization. 
If  we  consider  the  upper  { U)  level  as  a  conduction  band 
(C)  and  the  lower  level  (L)  as  heavy-hole  valence  band 
(H),  then  processes  1(a)  and  1(c)  involve  three  states  in 
the  conduction  band  and  one  in  the  heavy-hole  valence 
band,  and  are  conventionally  called  the  CHCC  process. 
Similarly,  Kb)  and  1(d)  are  called  the  CHHH  process. 
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FIG.  1.  All  the  possible  transitions  of  two  electron  interac¬ 
tion  in  a  two-level  system,  (a)  and  (c)  are  the  CHCC  process, 
(b)  and  (d)  are  the  CHHH  process.  Each  pair  consists  of  one 
Auger  process  and  one  impact  ionization.  1  and  2  are  the  ini¬ 
tial  states.  1'  and  2'  are  the  final  states. 


verse  direction,  q  is  the  wave  vector  along  2,  and  us  and 
up  are  the  periodic  parts  of  the  host  Bloch  functions  for 
the  conduction  and  light-hole  bands,  respectively.  Fs 
and  Fp  are  the  envelope  functions  along  2.  Using  the 
Fourier  expansion  in  the  transverse  direction  as  was 
done  in  Ref.  12,  and  neglecting  the  terms  which  have  a 
product  of  two  vanishing  small  (zero)  terms  in  the  over¬ 
lap  integrals,  the  matrix  element  for  the  ULUU  process 
of  the  intersubband  transition  becomes 

2ne2  r  r  |  A21H 1,  l')^(2,2') 

<f  6  J  J  (g2  +  X2)l/2 

A12K(2,1')K(1,2') 

(h2+X2)''2 

X S( Ac  j  -J-  Ac 2 — k  |  —k2  )dz^dz2  ,  (4) 

where  g  =  j  —  k J  j ,  h  =  | kx  —  k2 1 ,  and  the  quantities 
V(i,j)  are  defined  by 


For  the  intersubband  cases,  they  are  referred  as  ULUU 
and  ULLL,  respectively. 

Since  the  Auger  recombination  is  a  two-electron  in¬ 
teraction  via  their  Coulomb  potential  and  it  is  a  short- 
range  interaction,  the  screened  Coulomb  potential  is 
used.19  The  matrix  element  after  summing  over  the  sing¬ 
let  and  triplet  states  of  electrons  1  and  2  is  of  the  follow¬ 
ing  form:12 

Mif=f  /  j  )<I>2 (r 2 )A2j  —  <I»2(r |  )<I>*(r 2 )A12] 

X  [e2exp(  —  A.r,2  )/er ,2  ]<^>i(ri ) 

X4>2(r2  W3r|  d2r2  ,  (1) 

where  <t>1(r1),<h2(r2)  denote  the  initial  states  of  electrons 
1  and  2,  and  <I>i(r1),<I>2(r2)  denote  their  final  states.  The 
quantities  A2|  =  A|2=1  when  electrons  1  and  2  have  the 
same  spins,  preserved  in  the  transition,  A2)  =  1,A|2=0 
when  they  have  opposite  spins  preserved  in  the  transi¬ 
tion  and  A21=0,A12=1  when  they  have  opposite  spins 
but  are  both  changed  by  the  transition;  A2l  =  A12=0  oth¬ 
erwise.  The  quantity  X  in  the  screened  Coulomb  poten¬ 
tial  is  the  reciprocity  of  the  Debye  length  which  is  given 
by15 


47re2n 

1/2 

1  _ 

12  mce2n 

1/2 

n 

ekT 

.  Xp— 

eft2 

9n 

(2) 

for  the  Boltzmann  and  Fermi  statistics,  respectively.  All 
the  symbols  have  their  usual  definition.  Using  a  two- 
band  envelope  function20  in  the  growth  direction  2,  the 
superlattice  wave  function  becomes 


K(l,  rW5(g„  z})FL(q\,  z,>, 

V(2,2')=F;t(q2,z2)Fu(q'2,Z2)  , 
V(2tY)^Ftj(q2,zx)FL(q\,zx) , 
F(l,2  ,)=F5(9l,z2)F(/(^,z2), 


where  F s  are  the  Fs  in  Eq.  (3)  with  U,L  denoting  the 
upper  and  lower  levels,  respectively.  The  terms  involved 
with  Fp  are  negligibly  small,  i.e.,  the  one-band  model  is 
valid.  For  the  conduction-  to  valence-band  transition  in 
quantum  wells,  VU,j)  have  the  same  definition  as  in  Eq. 
(5)  with  Fy  and  FL  replaced  by  Us  and  Up  and  the  in¬ 
tegration  is  over  rt  and  r2.  Thus  the  conduction-  to 
valence-band  transition  in  a  quantum  well  has  the  same 
overlap  integral  as  the  bulk  case17  while  the  intersub¬ 
band  transition  has  an  overlap  integral  determined  only 
by  the  envelope  functions,  which  can  be  easily  tuned.  In 
deriving  Eq.  (4),  we  have  assumed  that  most  of  the  con¬ 
tribution  to  the  integral  arises  from  small  zl2  (Ref.  17), 
i.e., 


/ 


exp[— Mr22+z22)] 


1/2 


(r]2+z\2) 


l  \l/2 


-exp(-/ri2-g)r,2dr,2d0 


exp(—  Xrl2) 

- exp(— irng  cos 9)rndrnd0 

r,2 


_ 2  rr 

"  (g2  +  *2)1/2  ' 


(6) 


For  the  ULLL  process,  the  matrix  element  is  the  same 
as  Eq.  (4)  except  that  V  ( i,j )  are  replaced  by 


V(l,l')=Fii(ql,zl)FL{q\,Zy)  , 


<&(k,  q,r,z)=[Fs(q,z)us(k,  q,  r,z) 


m,2')=Fl(q2,z2)FL(q'2,z2)  , 


+Fp(q,z)up(k,q,r,z)]eiV -r  , 


(3) 


1 

where  k  is  the  two-dimensional  wave  vector  in  the  trans 


V(2,l')=Fi(q2,zi)FL(q'l,zl)  , 
V(l,2')=Fy(,ql,z2)FL(q'2,z2)  . 


(7) 
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In  the  discussion  above,  we  have  considered  only  the 
transitions  involving  two  minibands,  i.e.,  an  ideal  two- 
level  system.  If,  however,  either  one  of  the  four  states 
involved  in  the  process  are  in  the  third  band,  there  will 
be  a  product  of  two  negligible  small  terms  in  the  overlap 
integral.  The  transitions  involving  three  bands  are  thus 
treated  as  forbidden  in  the  first-order  approximation. 

As  discussed  in  Ref.  21,  an  upper  bound  for  the  ma¬ 
trix  element  of  Eq.  (4)  may  be  written  as 


2  ire2 

2 

/  f  V(l,l')V(2,2 ')dzxdz2 

6 

g2  +  A2 

(8) 

where  g  may  be  replaced  by  k2  for  the  most  probable 
transition  so  that  the  integration  can  be  evaluated  easily. 

III.  OVERLAP  INTEGRAL 

The  overlap  integral  in  Eq.  (8)  can  be  evaluated  by 
constructing  the  superlattice  envelope  function  F(q,z)  in 
terms  of  the  isolated  quantum  well  wave  function  /0(z) 
by  a  tight-binding  scheme,20 

F(9,z)ssVn.2  e‘qidUz-jd),  (9) 

~  ;=-°o 

where  d  is  the  period  of  the  superlattice  and  N  is  the 
number  of  periods  in  the  superlattice.  The  conservation 
of  momentum  is  required  for  nonzero  results;  thus  we 
may  write  the  overlap  integral  as 

f  V{\ ,rWz,  =  f  F*u(ql,zl)FL(q\,zl)dzi 

=  f  F^(qx,zx)FL(q'x,zx)8(qx-q'x)dzx 

= 2  2  C0S<M  id)f  fv o<z l  Vlo 

p 

X(zx+pd)dzx  . 

Similarly,  we  have 

f  V(2,2')dz2  =  f  ^(92,z2)Fy(9i,z2)cfz2*l  .  (10) 

We  notice  that  the  miniband  bandwidth  is  approximated 
to  be20 

5=4  f”  f0(z)Vc(z)f0(z-d)dz  ,  (11) 

^  —  00 

where  Ve  is  the  conduction-band  offset  of  the  heterojunc- 
_ I 


tion  making  up  the  superlattice.  For  a  square-well  su¬ 
perlattice,  the  overlap  integral  can  then  be  approximated 
by 

f  f  V(l,l')V(2,2')dzldz2^—~-^cos(qld)  ,  (12) 


where  BV,BL  is  the  miniband  bandwidth  for  the  upper 
and  lower  bands,  respectively.  For  a  parabola  well  as  in 
the  doped  superlattice,  the  wave  function  may  be  ap¬ 
proximated  by  the  simple  harmonic-oscillator  model,22 


Fj(z)=Tr-'/4a-l/2e-z/2a(  Vj \)~x/2Hj 


(13) 


where  a2=-fi/mc(o0,  a0=(e2Nj  ^€mc  )l/2,  and  Nj  is  the 
doping.  The  two  lowe'.t-order  Hermite  polynomials  are 
H0(x)=l,Hx(x)=2x.  Then  the  overlap  integral  be¬ 
comes 


If 


V(  1 ,  r )  V(  2, 2'  )dz ,  dz2  =  ^-e 

a 


cos (qxd)  . 


(14) 


IV.  PROBABILITY  WEIGHTING  FUNCTION 
Using  Fermi’s  golden  rule,  the  Auger  rate  is 

f  |  Mjf  1 2P(  1,  r,2,2')8(£(  —Ef) 


n  _  2  7T 
R~  « 


1 

8  IT3 


Xd2kxd2k2d2k'xd2k'2dqx 


Xdq2dq\dq'2  ,  (IS) 

where  P  is  the  difference  of  the  probabilities  of  the 
Auger  process  and  the  inverse  process.  In  the  following 
we  will  derive  the  most  probable  transition  probability 
for  different  intersubband  as  well  as  the  conventional 
band  cases. 

A.  Case  1:  CHCC  for  conventional  band 

Let  us  assume  that  all  the  energy  levels  are  referenced 
to  the  valence-band  maximum.  For  a  conventional  band 
in  Fig.  2(a),  the  probability  weighting  function  is 


P=(l  occupied)(2  occupiedKT  empty)(2'  empty) 

—(1  empty )(2  empty )(T  occupied)(2'  occupied) 

1-exp -(Ef2-Efi)/kT 

~  (l+exp(Ex~Efi)/kT)[\+Qxp{E2-Ef2)/kT][l+6xp-(E‘x-Efi)/kT]  ’ 


where  Fermi-Dirac  distributions  are  assumed  for 
quasiequilibrium,  and  Ej-  ,Ef  (  are  the  quasi- Fermi-levels 

for  the  upper  and  lower  levels,  respective^.  In  the  non 
degenerate  limit,  Eq.  (16)  reduces  to 


P=e 


_ E*  /fcT  /kT 
E*/kTe  ( l-e 


-( Ef  -Er  )/kT 


)  . 


(17) 


The  maximum  of  P  is  obtained  by  minimizing  E2  with 
the  constraint  that  both  energy  and  momentum  are  con- 
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(c)  ULLL 


FIG.  2.  (a)  CHCC  process  in  conventional  band,  (b)  ULUU 
process  in  intersubband,  corresponding  to  the  CHCC  process 
in  the  bulk  case,  (c)  ULLL  process  ir.  intersubband,  corre¬ 
sponding  to  the  CHHH  process  in  the  bulk  case. 


Compared  to  Eq.  (18),  the  intersubband  transition  has  a 
much  larger  probability  than  the  conduction-  to 
valence-band  transition,  especially  for  wide  band-gap 
material  at  low  temperature.  However,  for  the  narrow 
band-gap  material  in  the  lasing  condition  (usually  in  de¬ 
generate  case),  they  are  comparable.  For  example,  for 
Eg  =0.1,  p= 0.15,  and  E{-EG  =  0.05  eV,  the  ratio  of 

PmM  for  interband  and  conventional  band  transitions  are 
l.Tat  300  K  and  1  at  77  K. 


C.  Case  3:  ULLL  for  intersubband 


For  the  ULLL  process  shown  in  Fig.  2(c),  which  cor¬ 
responds  to  the  CHHH  process  in  the  bulk  case,  the 
probability  is 


exp— (£2  —  £/,  )/kT 
l+exp(£|  —  Ej-^/kT 


[1— exp— (£/j—  £/, )/kT]  . 


(22) 


served.  The  result  for  the  nondegenerate  case  is12 

-2 {Ec-E,  )/kT 

pmu=exp  ~^+\E(;/kT  e  ' 


-<£,  -Ef  )/kT 
X(  1  — e  /j  ), 


where  /i =mc/m„  is  the  ratio  of  effective  masses  of  elec¬ 
trons  and  holes.  The  prefactor  cxp[  ~(p/p  +  \)EG /kT] 
is  the  major  cause  of  the  band-gap  and  temperature 
dependence  of  the  Auger  rate.  The  rate  of  CHCC  is  usu¬ 
ally  larger  than  CLCC,  where  L  stands  for  the  light  hole, 
simply  because  p  is  smaller  in  CHCC.  For  the  degen¬ 
erate  case,  one  may  also  assume  that  PmM  occurs  at  the 
same  condition  as  in  the  nondegenerate  case  such  that 


E\  =  — 


( 2/i  -f- 1  )(p  + 1  ] 


£,=£,  =Er  + - K - Er 

2  1  (2p+\)(p+\)  G 


B.  Case  2:  ULUU  for  intersubband 

For  the  band  shown  in  Fig.  2(b),  in  the  lasing  condi¬ 
tion  we  will  assume  states  1,2  in  degenerate  while  states 
T,2'  in  nondegenerate  for  simplicity.  This  case  corre¬ 
sponds  to  the  CHCC  process  in  the  conventional  band. 
The  probability  function  is 

1-exp -(Efi-Efx)/kT 

P  =  TI +exp(£,  -Eh  )/kT][  1  +  exp(£2 -Efi  )/kT]  ’ 

(20) 


whose  maximum  value  £maJt  occurs  at  E2=EX=EG, 
£2=3/2£G,  E\  =  1/2Eg.  In  the  nondegenerate  limit, 
we  have 


P  =e 

1  max  c 


-2 {EG-Ef  /kT)  )/kT 

h  (l—e  /2  ) 


Here  we  assume  that  electrons  in  state  1  are  degenerate 
while  those  in  others  are  treated  as  nondegenerate.  PmM 
occurs  at  £,  =£c,  E2=0, 


l,  /t r 

p - c_-- - « i  . 

rma x-  -{En—F.f  )/kT  ^ 

1+e  h 


If  Ef  «0,  then  £max  for  the  ULLL  process  is  much 
smaller  than  Pimx  for  ULUU.  This  condition  is  usually 
valid  in  the  intersubband  transition.  In  the  following 
calculation,  we  will  consider  only  the  ULUU  process. 


V.  AUGER  RATE  AND  DISCUSSION 

The  Auger  rate  is  given  by  Eq.  (15),  where  the  matrix 
element  |  A/y  | 2  is  evaluated  by  Eq.  (8)  for  the  most 
probable  transition,  such  that  g2~k2~kG/2,  where 
EG=filkG/2mc.  Then  the  remaining  part  of  the  in¬ 
tegration  in  Eq.  (15)  is 

I  =  f  P{1,  Y,2,2')8(Ei—Ef)8(ki+k2—k  \  —k'2) 

y.Uq\-q\)Uq2-q'2)d2kxd2k2d2k\ dlk2 

Xdqx  dq2dq\  dq2  ,  (24) 

where  P  is  given  by  Eq.  (20),  and  is  only  a  function  of  £  t 
and  £2,  and  all  the  delta  functions  come  in  when 
|  M,f  | 2  was  evaluated.  The  difference  of  the  initial  and 
final  energies  taking  the  miniband  energy  into  considera¬ 
tion  is 

£,-£/=£, +£2-£',— £2 

=  -£-{k2+k22+k2G+kZ-pk\2-plk22)  >  (25) 

2  mc2 

where  p=mc2/mcX,  p,  =mc2/ma,  and  mcl  is  the 
effective  mass  at  the  lower  subband  £,,  and  mc2  and  mct 
are  those  at  Ez  and  £2,  respectively;  kq  is  defined  by 
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fc9  = 


,nc2 

— r-(By+By  )cos qxd 


1/2 


(26) 


For  the  convenience  of  integration,  two  new  variables 
h=k\+k2  and  j=k\—k'2  are  introduced,  and 
mcl=mc2=mcl  —mc  are  assumed.  Then  Eq.  (25)  be¬ 
comes 


2 


[k2+k2+kG+k2—  4(  |  j  j  2+  |/c,+/c2 12]  .  (27) 


The  integration  is  then  performed  under  the  constraint 

l./o  I  2=2(&2  +/c2  -f/cy  +  /c2)—  |&i+&2|2StO  ,  (28) 

which  is  always  true  if  EG>BU+BL.  After  integration 
with  respect  to  /c,  and  k2,  the  final  result  for  I  becomes 


/  = 


32v>mcN2 


2D 


1 


-(£,  -E,  )/kT 
J  y  / 1  x 

-e  2  1  )  , 


(29) 


where  A2D  is  the  two-dimensional  injected  carrier  con¬ 
centration  given  by 


m.kT  (£/■  -Ec)/kT 

N2D  =  -^-M\+e  ). 

TTTl 


(30) 


Combining  Eqs.  (8),  (12),  and  (29),  the  Auger  rate 
(/sec-m2)  for  the  intersubband  transition  is  then 


R  = 


mce4  B(jBL  N2 d 

v2  k2+k'22  e 


-{Efi-Ef)/kT 


)  .  (31) 


There  again,  By,BL  are  the  miniband  bandwidth  for  the 
upper  and  lower  bands,  respectively,  Vc  is  the 
conductiow-band  offset,  A.  is  the  reciprocal  Debye  length, 
and  k'2  is  evaluated  at  the  most  probable  transition  such 
that  k22»&y/ 2.  The  Auger  recombination  lifetime  rau, 
defined  by 

^  Nip-Ng  N2D 

Tm  ^"au 


is  shown  in  Fig.  3  as  a  function  of  the  subband  band  gap 
and  N0  is  the  equilibrium  value.  It  is  a  linear  function 
of  the  band  gap,  where  the  slope  is  inversely  proportion¬ 
al  to  the  injection  carrier  concentration.  Compared  to 
the  conduction-  to  valence-band  Auger  recombination 
time,  which  has  an  exponential  dependence  of  the  band 
gap  and  the  temperature,  the  intersubband  Auger  time 
has  a  smaller  band-gap  dependence  and  is  constant  in 
temperature.  As  a  result  the  threshold  current  for  inter¬ 
subband  laser  transitions  will  have  a  much  weaker  tem¬ 
perature  dependence.  The  spontaneous  emission  life¬ 
time,  given  by  the  expression23 


1  2n  V  2<a3g  i 
TsP  ehci 


(32) 


is  also  plotted  in  Fig.  3,  where  n  is  the  index  of  refrac¬ 
tion,  g ,  is  the  degeneracy  factor,  and  fi  is  the  dipole  mo¬ 
ment  given  by 


FIG.  3.  The  recombination  lifetime  vs  energy  band  gap. 
Three  lines  are  for  intersubband  Auger  recombination  time 
with  different  injection  levels.  They  are  increasing  functions  of 
the  band  gap.  The  spontaneous  lifetime  is  a  decreasing  func¬ 
tion  of  the  band  gap.  The  quantum  efficiency  is  defined  by  Eq. 
(34)  using  the  data  of  ^20  =  10*  '/cm2.  All  other  parameters 
not  specified  in  the  text  are  assumed  to  be  for  GaAs. 


He2 
2  m0o) 


fij  . 


(33) 


where  fy  is  the  oscillator  strength,  assumed  to  be  unity 
here.  The  spontaneous  quantum  efficiency  tj  defined  by 


V  = 


Tsp  "F  Ta 


(34) 


is  also  plotted  in  Fig.  3  as  a  function  of  energy.  The 
Auger  recombination  time  as  well  as  the  quantum 
efficiency  could  be  tailored  by  adjusting  the  miniband 
bandwidth.  Here  we  assume  that  .By  =  10  meV,  BL  =  1 
meV,  and  Fc=0.24  eV.  However,  the  miniband  band¬ 
width  is  limited  by  the  accuracy  of  the  growth  parame¬ 
ters.  Also,  the  choice  of  bandwidth  is  limited  by  the  re¬ 
quirement  for  efficient  injection.  The  effective  mass  in 
the  growing  direction  of  a  superlattice  is  estimated  to  be 
mz=2fi2/Bd2.24  As  the  bandwidth  becomes  small,  the 
effective  mass  increases  and  the  mobility  drops.  In  the 
limiting  case  of  quantum  wells,  the  miniband  bandwidth 
becomes  zero  and  the  Auger  rate  is  zero.  However,  the 
current  injection  will  then  be  impossible  in  this  case 
since  the  mobility  of  the  structure  is  zero. 

As  for  the  pumping  in  the  intersubband  lasing  transi¬ 
tion,  one  possible  way  is  shown  in  Fig.  4.25  The  popula¬ 
tion  inversion  is  achieved  by  current  injected  through 
the  aligned  superlattice  minibands  in  the  right-hand  side. 
While  in  the  left-hand  side,  the  injected  carriers  are 


FIG.  4.  Band-aligned  6upeilattice  la;>er  using  intersubband 
optical  transition  and  miniband  alignment. 
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blocked  by  the  miniband  discontinuity  there.  Such  a 
band  alignment  scheme  allows  convenient  current  injec¬ 
tion  for  the  intersubband  lasing. 


VI.  CONCLUSION 

In  conclusion,  we  have  calculated  the  intersubband 
Auger  recombination  rate  in  superlattices.  An  analytic 
form  is  derived  which  shows  much  smaller  band-gap  and 
temperature  dependence.  With  the  promising  of  an  ad¬ 
justable  Auger  rate  by  choosing  the  superlattice  parame¬ 
ters  (composition,  dopant,  thickness,  etc.),  the  intersub¬ 
band  Auger  rate  could  be  two  orders  of  magnitude 


smaller  than  the  conventional  narrow  band-gap  material. 
High  gain  coefficient,  smaller  threshold  current,  less 
temperature  dependence  of  the  threshold  current,  and 
better  tunability  could  be  expected  for  the  applications 
in  long-wavelength  lasers  using  intersubband  transition 
in  superlattices. 
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Boron  surface  segregation  in  Si  molecular  beam  epitaxy  has  been  measured  on  Si(  1 1 1 ) 
substrate  as  a  function  of  the  growth  temperature  (400  °C<7’J  <900  °C)  by  Auger  electron 
spectroscopy.  Boron  oxide  (B203)  was  used  as  dopant  material  to  achieve  a  boron 
concentration  level  of  about  1 X 10'9  cm-3.  Three  temperature  regions  are  observed  for  the 
behavior  of  the  ratio  rd  =  Is/Ib  of  the  surface  (I, )  to  the  bulk  (Ib )  dopant  atomic  fractions. 
At  low  temperature,  Ts  =  400-570  °C  the  ratio  maintains  at  the  value  rd  =  1.5.  For 
570  °C<  Ts  <720  °C,  rd  increases  to  a  plateau  rd  ~  5.5,  and  then  jumps  to  rd  =  42  in  the  720- 
750  °C  region.  At  higher  temperature,  Ts> 750  °C,  rd  decreases  according  to  a  relation  which 
can  be  approximated  by  the  classical  equilibrium  segregation  theory.  In  that  region,  the  boron 
Gibbs  free  energy  of  surface  segregation  is  calculated  from  data  to  be  A Gs  =  —  0.33  ±  0.02 
eV.  Evolution  of  rd  is  closely  correlated  to  the  etch  pit  count  and  electron  channeling  results 
revealing  amorphous,  polycrystalline,  and  epitaxial  growth,  when  going  from  low  to  high 
growth  temperature. 


Engineering  of  p-n  junctions  having  carrier  concentra¬ 
tions  as  high  as  102°  cm-3  and  profile  abruptness  in  the  100 
A/decade  range  is  desired  for  application  in  conventional  or 
novel  devices  based  on  multilayered  structures.  In  the  Si  mo¬ 
lecular  beam  epitaxy  technique  (Si-MBE),  such  specifica¬ 
tions  strongly  depend  on  two  fundamental  parameters:  the 
dopant  incorporation  probability  ( ad )  and  the  segregation 
coefficient  (rd ),  which  in  turn  depend  on  the  growth  param¬ 
eters.1  In  this  letter,  we  show  the  evolution  of  the  boron 
surface  segregation  with  the  growth  temperature  and  its  cor¬ 
relation  with  the  film  morphology. 

The  films  were  grown  in  a  Si-MBE  system  with  a  base 
pressure  of  2X  10~ 10  Torr.  The  details  of  the  system  have 
been  described  in  a  previous  paper.2  Boron  oxide  was  evapo¬ 
rated  by  heating  B203  in  a  boron  nitride  effusion  cell  cruci¬ 
ble.  n-type  (5-10  Hem)  Czochralski  Si(lll)  sample  sub¬ 
strates  were  used.  They  were  chemically  cleaned  by  the  usual 
oxidation/reduction  method  leaving  a  protective  thin  oxide 
layer  prior  to  the  transfer  to  the  system.3  The  thin  oxide  layer 
was  then  thermally  removed  in  situ  by  annealing  the  sample 
at  900  °C  for  10  min.  The  surface  temperature  was  moni¬ 
tored  by  an  infrared  pyrometer  (A  =*2  pm).  Absolute  tem¬ 
perature  was  known  to  +  40  °C.  During  evaooration,  the 
growth  rate  was  maintained  in  the  1. 1-1.4  A/s  range,  as 
measured  by  a  quartz  crystal  monitor.  The  Si/B  flux  ratio 
was  kept  constant  and  adjusted  to  obtain  a  B  doping  concen¬ 
tration  Wa=;lxl019  cm-3.  The  doping  cell  temperature 
was  882  °C. 

Two  sets  of  experiments  have  been  done  as  a  function  of 
the  growth  temperature,  in  the  range  400  °C<7’J  <900  °C. 

In  the  first  set,  films  1  pm  thick  have  been  grown,  one 
for  each  temperature,  by  step  of  50  °C.  Their  morphology 
and  defect  density  have  been  analyzed  by  the  defect  etch 
technique,  using  a  diluted  Schimmel  solution.4  Optical  mi¬ 
crographs  of  the  etched  films  show  three  growth  tempera¬ 
ture  regions.  At  low  temperature,  400°C<7’J<550°C,  no 
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patterns  are  observable.  The  films  are  thought  to  be  amor¬ 
phous  or  polycrystalline  with  polycrystal  sizes  smaller  than 
0.1  pm.  For  550°C<7’,<700'C  an  intermediate  region  is 
observed  and  nucleation  of  grains  is  clearly  visible  on  the 
etch  patterns.  The  size  of  the  nuclei  increases  with  Ts,  from 
about  0.5  pm  at  550  °C  to  about  2  pm  at  650  °C.  Electron 
channeling  patterns,  obtained  by  scanning  electron  micros¬ 
copy  (SEM),  indicate  that  the  grains  are  crystalline.  Figure 
1  shows  a  micrography  of  such  defect  etch  pattern  taken 
from  Ts  =  600  °C,  indicating  the  polycrystalline  nature  of 
the  film.  At  high  temperature,  700  °C<7'J<900  "C,  epitaxial 
growth  is  obtained,  as  seen  on,  pictures  in  Fig.  2  taken  on  a 
film  grown  at  800  °C.  Defects  are  mainly  identified  as  stack¬ 
ing  faults  and  the  defect  density  is  in  the  105  cm-2  range.  The 
carrier  concentration,  measured  by  the  Hall  effect  in  the  re¬ 
gion  where  epitaxial  growth  is  observed,  increases  slightly 
with  T„  from  p  =  6.0 x  1018  cm-3  for  7’,  =  700°C  to 
6.3  X 1018  cm-3  for  T,  =  900  °C.  The  high  level  of  defects  is 


—  10  pm 


FIG  1  Defect  structure  jf  a  diluted  Schimmel  etched  Si.B  film  (doping 
concentration  Na  =  10‘9  cm"1)  grown  at  600 ’C.  Grain  size  =;  1  /rm. 
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FIG.  2.  Optical  micrography  ofa  Si:B  film  (doping  concentration  Na  ~  10” 
cm-3)  grown  at  800  *C,  after  diluted  Schimmel  etch.  Defect  density  =:  105 
cm-3. 


attributed  to  the  chemical  reaction  of  B203  and  Si,  where 
B203  is  reduced  by  Si  to  form  Si02,  BO*  (x  <  1.5),  B  or  B2, 
and  a  Si-B  compound.  Si02  is  subsequently  reduced  by  Si 
and  thermally  desorbed  in  the  SiO  form  for  Ts  >  550  °C  as 
shown  in  our  previous  work.5  The  transition  between  the 
first  (amorphous)  and  the  second  (polycrystalline)  region 
which  occurs  around  550-600  °C  can  be  related  to  the  remo¬ 
val  of  the  oxygen  from  the  film,  which  starts  in  this  tempera¬ 
ture  range.  In  the  low-temperature  regions,  the  maximum 
oxygen  concentration  into  the  films  is  in  the  1019  cm"3 
range,  since  no  removal  of  oxygen  occurs  yet.  This  explains 
the  amorphous/polycrystalline  nature  of  the  film. 

In  the  second  set  of  experiments,  the  surface  atomic 
composition  of  the  films  was  measured  in  situ  by  Auger  elec¬ 
tron  spectroscopy  (AES).  The  analysis  was  performed  on  a 
codeposited  Si:B  film  of  2000  A  thickness  (doping  concen¬ 
tration  Na  ~  1019  cm-3)  on  the  substrate,  by  probing  the 
Sii3r  (91  eV)  and  BKLL  (182  eV)  Auger  transitions  after 
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FI<j.  3.  evolution  of  the  borun  surface  segr  eganun  ratio  measured  inutu 
by  Auger  electron  spectrosoupy  on  a  Si.B  film,  as  a  function  of  the  growth 
temperature. 


cooling  the  sample  down  near  room  temperature.  The  thick¬ 
ness  value  ( 2000  A )  of  the  doped  layers  was  chosen  to  ensure 
that  during  growth  the  steady-state  value  of  the  incorporat¬ 
ed  dopant  fraction  was  reached.  After  Auger  measurements, 
every  Si:B  film  was  annealed  at  900  °C  for  10  min  to  remove 
all  remaining  oxides,  and  a  2000  A  pure  Si  film  was  evaporat¬ 
ed  in  order  to  reproduce  the  same  starting  conditions.  The 
measurements  were  repeated  on  the  same  substrate  as  a 
function  of  the  deposition  temperature.  The  boron  surface 
segregation  ratio  rd,  calculated  from  the  Auger  data,  is  plot¬ 
ted  in  Fig.  3  as  a  function  of  the  growth  temperature 
400  °C<  Ts  <900  °C.  The  surface  segregation  ratio  is  defined 
as  rd  =  Is/Ib,  where  Is  and  Ib  are  respectively  the  surface 
and  the  bulk  boron  atomic  fractions.  Is  was  directly  mea¬ 
sured  by  AES.  The  value  of  Ib,  when  the  growth  is  epitaxial, 
can  be  calculated  by  fitting  the  Auger  data  to  the  following: 


where  k  is  the  Boltzmann  constant  and  A Gs  the  Gibbs  free 
energy  of  boron  surface  segregation.  Figure  3  again  shows 
three  temperature  regions  for  rd.  Two  plateau  values  are  ob 
served  at  low  temperature  with  rdzz  1.5  and  intermediate 
temperature  with  rd  ss5.5,  corresponding  to  the  amorphous 
or  polycrystalline  and  polycrystalline  regions.  We  have  asso¬ 
ciated  the  third  (high  temperature)  region  to  the  epitaxial 
growth.  The  transition  between  the  polycrystalline  and  the 
expitaxial  growth  is  characterized  by  an  abrupt  jump  of  rd 
from  5.5  to  42  in  the  range  700-750  *C.  In  the  epitaxial  re¬ 
gion,  rd  decreases  with  increasing  Ts  according  to  Eq.  (1) 
provided  by  the  classical  theory  of  segregation. 1,6  This  is 
demonstrated  in  Fig.  4  where  the  expression  /,/( 1  -  /, )  is 
plotted  as  a  function  of  the  inverse  of  the  temperature.  The 
use  of  this  relation  to  fit  our  data  is  justified  by  the  following: 
Sachtler  and  van  Santen7  have  demonstrated  that,  for  binary 
alloys  as  well  as  diluted  solutions,  surface  segregation  is  a 
general  phenomenon  in  conditions  of  thermodynamic  equi¬ 
librium.  However,  in  cases  where  no  equilibrium  is  achieved, 
no  segregation  appears.  This  case  is  applicable  to  our  experi¬ 
ments  at  low  growth  temperatures  where  rd  <6  is  measured. 
In  cases  with  material  deposition,  a  recent  theory  has  been 


FIG  4  Arrhenius  plot  of  the  calculated  expression  /,/( 1  /, )  obtained  in 
the  temperature  range  750  900  *C,  where  the  growth  is  epitaxial.  The  boron 
surface  atomic  fractions  (/, )  were  measured  by  Auger  spectroscopy. 
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developed  by  Barnett  and  Greene.'  It  predicts  that  the  sur¬ 
face  segregation  ratio  increases  with  increasing  growth  tem¬ 
perature  Ts  •  p  to  a  critical  temperature  T*  characterizing 
the  nonequilibrium  regime.  This  regime  is  not  observed  in 
our  measurements,  since  the  trend  in  rd  behavior  at  low  tem¬ 
perature  is  most  probably  controlled  by  the  morphology 
changes  rather  than  due  to  kinetics  limitations.  For  TS>T*, 
rd  decreases  with  increasing  Ts,  and  the  authors  demon¬ 
strate  that  in  this  particular  case,  the  equation  reduces  to  the 
classic  relation  [Eq.  ( 1 )  ]  for  diluted  solutions.  This  case  is 
applicable  to  our  observations  for  Ts  >  750  °C  (epitaxial  re¬ 
gion),  and  is  explained  by  the  fact  that,  at  high  growth  tem¬ 
peratures,  diffusion  and  segregation  rates  are  much  larger 
than  the  film  growth  rate.  By  fitting  the  Auger  data 
( T,  > 750  °C )  to  Eq.  ( 1 ) ,  we  have  determined  the  value  of  the 
boron  bulk  atomic  fraction  Ib  =  5.4X  10-4,  corresponding 
to  a  doping  concentration  of  Na  =  2.7 X 1019  cm-3,  and  to 
the  free  energy  A Gs  =  -  0.33  ±  0.02  eV.  The  value  of  Ib 
has  been  used  to  calculate  the  segregation  coefficient 
rd  =  Is/Ib,  whose  temperature  behavior  is  presented  in  Fig. 
3.  The  calculated  value  of  (2.7  X 10'9  cm-3)  compared  to 
the  carrier  concentration  (6.3X101®  cm-3)  measured  by 
Hall  effect  suggests  that  about  23%  of  the  boron  is  electrical¬ 
ly  activated  in  this  case.  The  difference  is  attributed  to  the 
presence  into  the  film  of  B2  or  BO,  (x  <  1.5)  due  to  the  in¬ 
complete  reduction  of  the  boron  oxide.  It  is  also  interesting 
to  note  that  no  boron  segregation  has  been  reported  in  the 
work  where  doping  was  obtained  by  evaporation  of  pure  bo¬ 
ron,"  or  sublimation  of  saturated  boron-doped  silicon.9  In 
the  case  where  these  experiments  would  be  confirmed,  the 


boron  segregation  should  be  related  to  the  B203  decomposi¬ 
tion  step  at  the  surface. 

In  conclusion,  the  boron  surface  segregation  ratio  ( rd ) 
in  Si-MBE  is  measured  by  Auger  spectroscopy  as  a  function 
of  the  growth  temperature  Ts.  The  ratio  rd  passes  through  a 
maximum  (rds;  40)  near  Ts  =750°C,  separating  the  epi¬ 
taxial  growth  ( Ts  >750  °C)  from  the  polycrystalline  growth 
(T,<750  CC).  In  the  epitaxial  region,  rd  decreases  with  Ts 
following  a  relation  provided  by  the  classical  theory  of  segre¬ 
gation.  In  the  polycrystalline  region,  rd  drops  to  two  pla¬ 
teaux,  whose  values  are  determined  by  the  morphology 
changes  of  the  film. 
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Research  Corporation  and  the  Army  Reseach  Office.  We 
thank  M.  Arienzo,  S.  S.  Iyer,  and  S.  S.  Delage  for  useful 
discussions. 
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Resonant  tunneling  of  holes  through  an  unstrained  GeSi  well  between  two  strained  Si  barriers 
on  a  lelaxed  GeSi  buffer  layer  has  been  observed  for  the  first  time.  The  peak-to-valley  ratios  of 
2.1/1  at  4.2  K  and  1.6/1  at  77  K  in  current-voltage  characteristics  were  attained  for  light 
holes.  Resonant  tunneling  from  heavy-hole  states  was  also  observed  at  room  temperature,  as 
well  as  77  and  4.2  K  by  conductance  measurement.  The  positions  of  the  resonance  peaks  are  in 
good  agreement  with  the  light-  and  heavy-hole  bound  states  in  the  quantum  well. 


Recent  developments  in  Si  molecular  beam  epitaxy 
(MBE)  have  made  it  possible  to  achieve  device-quality  epi¬ 
taxial  layers  with  controlled  strain.  The  potential  applica¬ 
tions  of  GexSi,_x/Si  strain  layer  heterostructures  and  su¬ 
perlattices  have  been  recently  studied  in  the  development  of 
electronic1'4  as  well  as  optical5*7  devices.  In  spite  of  the  im¬ 
portance  of  vertical  transport  through  the  potential  barriers, 
no  tunneling  phenomena  have  been  reported  in  Si-based  he¬ 
terostructures  until  recently  by  Liu  et  al.H  In  device  applica¬ 
tions  that  take  advantage  of  band-gap  engineering,  the  dou¬ 
ble-barrier  diode  grown  on  a  silicon  buffer  has  limitations 
due  to  the  limited  critical  thickness  of  the  strained  Ge,  Si,  _  x 
layers.  For  the  realization  of  device  applications,  it  is  essen¬ 
tial  togrowGexSi, _x/Siheterostructuresonarelaxr  *  '.iGe 
buffer  layer  so  that  the  vertical  dimensions  of  the  devices  are 
not  restricted  to  below  the  critical  thickness.  In  that  case, 
symmetrically  strained  superlattices  may  be  grown.'’  In  this 
letter,  we  report  the  observation  of  tunneling  of  holes  in 
Si/Ge,Si,  _X/Si  double-barrier  diodes  on  an  unstrained 
GexSi,_x  buffer  layer. 

In  the  experiment,  the  Si/GexSi,_x  tunneling  struc¬ 
tures  were  grown  in  a  Si  MBE  chamber  with  a  base  pressure 
of7x  10-" Torr  Low-resistivity  (0.01  fl cm)  Si(100)  wa¬ 
fers  were  used  in  this  experiment.  The  sample  was  cleaned  by 
the  Shiraki  method10  prior  to  loading  to  the  chamber,  arid 
the  protective  oxide  layer  was  removed  in  situ  by  heating  the 
wafer  at  950  °C  for  about  10  min.  The  sample  was  kept  at 
530  "C  during  the  epitaxial  growth.  The  Si  and  Ge  growth 
rates  were  45  and  30  A/min,  respectively.  The  Ge  was  evap- 
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lure  used  in  this  experiment,  Wy ,  =  50  A,  =  40  A,  and  x  =  0.4. 


orated  using  a  conventional  Knudsen  cell,  and p-type  doping 
was  obtained  using  a  thermal  boron  source.  The  schematic 
band  diagram  of  the  double-barrier  diode  is  shown  in  Fig.  1. 
First,  a  7000-A-thick  Geo.4  Sio  6  buffer  layer  was  grown  on 
the  Si  substrate,  and  then  the  double-barrier  structure  was 
grown  on  the  buffer.  The  buffer  layer  was  doped  with  B  at 
about  5x  1018  cm-3.  The  double-barrier  structure  consists 
of  an  undoped  40  A  Geo  4  Sio  6  quantum  well  between  two  50 
A  Si  barriers.  On  top  of  the  double  barrier,  a  7000-A-thick 
unstrained  Geo  4  Sio  6  contact  layer  was  grown  with  a  B  dop¬ 
ing  concentration  of  about  5  x  10,8cm  “  \  Just  outside  two  Si 
barriers,  150-A-thick  GexSi,_x  layers  were  intentionally 
undoped  to  prevent  dopant  diffusion  into  the  quantum  well 
structure.  In  our  structure  two  Si  barriers  are  coherently 
strained  and  the  quantum  well  and  the  top  contact  layers  as 
well  as  the  buffer  were  unstrained. 

Tunneling  diodes  25-100  fim  in  diameter  were  fabri¬ 
cated  using  conventional  lift-off  and  mesa-etching  tech¬ 
niques,  and  A1  was  evaporated  on  mesas  to  make  the  con¬ 
tacts.  The  data  presented  in  this  letter  were  obtained  using 
50-/im-diam  diodes,  and  the  diodes  with  different  sizes 
showed  almost  the  same  characteristics  except  for  higher 
current  for  larger  diodes.  The  current-voltage  /( V)  and  the 
first  and  the  second  derivatives  were  measured  using  a  com¬ 
puter-controlled  tunneling  spectroscopy  system  at  4.2, 77  K, 
and  at  room  temperature.  The  /( V) ,  dl  /d  V,  and  d7I/dV7oi 


FIG.  2.  Obsei  »ed  vunent  «ultage  vdiaraaensncs  fot  the  structure  shown  in 
Fig.  1  at  three  different  temperatures. 
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FIG  3  Conductance-voltage  curves  at  4  2  K  and  room  temperature 

the  double-barrier  diode  are  shown  in  Figs.  2,  3,  and  4,  re¬ 
spectively.  The  current  peak-to-valley  ratios  were  2.1  and 
1.6  at  4  2  and  77  K,  respectively.  Additional  /(  V)  and  con¬ 
ductance  data  at  higher  bias,  as  shown  in  Fig.  5,  were  also 
obtained  using  a  HP4145  parameter  analyzer  since  the  cur¬ 
rent  at  larger  bias  is  substantially  higher  than  that  specified 
in  our  tunneling  spectrometry  setup.  At  liquid-nitrogen  tem¬ 
perature,  two  peaks  were  observed  at  350  and  900  mV  as  seen 
in  the  Fig  5.  At  room  temperature  no  differential  negative 
resistance  was  observed.  However,  the  resonance  tunneling 
was  clearly  seen  from  the  dl  2/d 2  V  data  in  Fig.  4.  The  oscilla¬ 
tions  seen  on  the  dl  2/d 2  Fcurve  are  due  to  the  instabilities  in 
the  circuit  when  the  resistance  becomes  negative. 

The  results  of  this  experiment  can  be  quantitatively  ana¬ 
lyzed  using  the  band  offsets,"  and  light-hole  and  heavy-hole 
states  in  the  quantum  well  due  to  quantization.  In  Fig.  l.the 
valence-band  offsets  and  possible  bound  state  energies  of 
light  and  heavy  holes  are  shown  schematically.  In  the  un¬ 
strained  Ge0 4 Si0()  layers,  light-hole  and  heavy-hole  bands 
are  degenerate.  However,  in  the  strained  Si  barriers  the  light- 
hole  band  moves  upwards  because  of  tensile  strain,  while  the 
heavy-hole  band  moves  downwards.  This  light-hole  and 


FIG  4  S<conddenvativeofthe/(K)at4  2  K  and  room  lemperature  show¬ 
ing  a  peak  near  the  origin  due  to  the  resonant  tunneling  through  heavy-hote 
ground  state.  The  oscillations  in  the  negative  resistance  regions  appear  as  a 
result  of  the  instabilities  of  the  circuit 


FIG.  5.  Current-voltage  and  first  denvative  at  77  K  measured  using  a  HP 
4145  parameter  analyzer  showing  the  second  peak  at  900  mV  due  to  the 
tunneling  through  first  excited  heavy-hole  state. 


heavy-hole  band  splitting  in  the  coherently  strained  Si  bar¬ 
riers  is  about  100  mV  in  our  case. 

In  order  to  calculate  the  bound  state  energies  in  the 
quantum  well  for  light  and  heavy  holes,  the  envelope  func¬ 
tion  approximation  was  used,  including  different  effective 
masses  in  the  well  and  the  barriers.  Linear  interpolation  of  Si 
and  Ge  bulk  data  was  used  to  estimate  the  effective  masses  of 
light  hole  and  heavy  hole  in  the  tunneling  structure.  The 
estmated  values  of  the  light-hole  and  heavy-hole  band  offsets 
are  A£1))h  =211  mV  and  A/?..,.,,  =313  mV,  respectively. 
For  the  heavy  hole  there  are  three  bound  states  in  the  quan¬ 
tum  well  at  energies  £hh0  =  33  mV,  £hM  =  132  mV,  and 
£hh 2  =  277  mV,  and  for  the  light  hole  only  the  ground  state 
at  £)h0  =  67  mV.  All  the  values  were  measured  downward 
from  the  band  edge  of  the  unstrained  Geo4Si06  quantum 
well.  The  /( V)  characteristics  shown  in  Figs.  2  and  5  can  be 
understood  quantitatively  by  considering  the  barrier  heights 
and  the  bound  states  in  the  quantum  well  for  the  light  and 
heavy  holt,  as  discussed  above.  In  Fig.  2  negative  differential 
resistance  due  to  resonant  tunneling  through  the  light-hole 
ground  state  (£)h0 )  is  clearly  seen  at  77  and  4.2  K.  The 
resonant  tunneling  through  the  heavy-hole  ground  state  is 
not  visible  in  /( V)  and  dl  /d  V,  but  is  clearly  seen  in  the  d 2 1  / 
d 2  V curve  even  at  room  temperature  (see  Fig.  4).  The  peak 
current  for  the  resonance  increased  with  decreasing  tem¬ 
perature,  while  the  valley  current  remained  almost  the  same 
for  different  temperatures.  The  peak  position  of  the  reso¬ 
nance  voltage  also  increased  with  decreasing  temperature  as 
a  result  of  a  larger  voltage  drop  outside  the  double-barrier 
region  caused  by  higher  current  flowing  through  the  con¬ 
tacts.  Both  of  the  /( V)  and  dl  /dV  in  Fig.  5  show  another 
resonant  tunneling  feature  at  900  mV  at  77  K  and  is  due  to 
the  first  excited  heavy-hole  state  (2shh, ).  The  resonant  tun¬ 
neling  through  the  second  excited  heavy-hole  state  (£’hh2 ) 
was  not  observed  because  of  large  leakage  current,  since  the 
state  lies  above  the  light-hole  band  edge. 

We  have  also  fabricated  different  tunneling  diodes  on 
various  types  of  GeSi  substrates.  The  data  showed  general 
agreement  with  the  interpretation  given  here  In  the  present 
case  the  well  is  unstrained  while  the  barriers  are  strained  and 
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others  have  different  strains  in  the  layers.  The  results  show 
that  the  devices  with  the  controllable  strains  in  both  the  bar¬ 
rier  and  the  well  can  be  fabricated  at  will.  More  important, 
symmetrically  strained  superlattices  can  also  be  made  for 
studying  transport  phenomena  under  controlled  strain. 

In  conclusion,  we  have  observed  resonant  tunneling 
through  a  double-barrier  structure  grown  on  a  relaxed 
Ge^Si,  buffer  layer.  All  the  peaks  appeared  in  the  /( V), 
dl  /d  V,  and  d 2 1  /d  V 2  assigned  to  tunneling  via  the  light-hole 
and  heavy-hole  bound  states  in  the  quantum  well.  From  sec¬ 
ond  derivative  of  the  /( V),  the  resonant  tunneling  at  room 
temperature  was  also  observed  in  Si/Ge^Si,  _X/Si  hetero¬ 
structures  for  the  first  time. 

This  work  is  in  part  supported  by  the  Semiconductor 
Research  Corporation,  the  Army  Research  Office,  and  the 
Office  of  Naval  Research. 
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The  strain  distribution  of  a  GexSi,  _X/Si  strained  layer  superlattice  (SLS)  as  a  function  of  the 
distance  from  the  superlattice/substrate  interface  has  been  studied  by  Raman  spectroscopy.  A 
small-angle  bevel  was  made  by  angle  lapping  on  a  given  thick  GexSi,  _  X/Si  SLS  so  that  it  is 
possible  to  probe  the  structure  at  different  thicknesses.  The  Raman  spectrum  as  a  function  of 
the  distance  from  interface  is  then  obtained.  The  results  indicate  that,  as  we  move  away  from 
the  substrate  interface,  the  compression  strain  in  the  alloy  layers  decreases  while  the  tensile 
strain  in  the  Si  layers  increases.  From  linewidth  measurement  of  the  Raman  peaks,  it  appears 
that  there  is  an  improved  crystal  quality  and  a  lower  concentration  of  defects  going  away  from 
the  substrate  interface. 


I.  INTRODUCTION 

Recently,  the  successful  growth  of  a  GexSi,_x/Si 
strained  layer  superlattice1  has  led  to  some  potentially  useful 
photonic  and  electronic  applications.  The  built-in  strain  in¬ 
duced  by  the  4.2%  lattice  mismatch  between  Ge  and  Si  has 
been  investigated  by  various  authors. 1  3  It  is  generally  recog¬ 
nized  that  the  band  offset  at  the  GexSi,  _  X/Si  interface  will 
depend  on  the  distribution  of  strain  between  the  two  lay¬ 
ers.2,4 

In  v  rder  to  grow  a  dislocation-free  GexSi,  _X/Si  SLS, 
both  the  total  superlattice  thickness  and  the  individual  layer 
thickness  have  to  be  smaller  than  their  respective  critical 
thicknesses,  Tc  and  hc?  A  very  thick  GexSi,  _  X/Si  SLS  with 
equal  individual  GcxSi,  _x  and  Si  layer  thicknesses  will 
eventually  relax  to  a  structure  with  a  lattice  constant  equal  to 
that  of  unstrained  Gex/2Si,  _  x/2  and  become  symmetrically 
strained  even  without  a  thick  Gex/2Si,  _  x/2  buffer  layer.  In 
such  a  case,  the  upper  layers  of  the  superlattice  could  be  used 
for  subsequent  device  fabrication  while  the  lower  layers  of 
the  superlattice  act  as  a  buffer.6,7 

Raman  scattering  has  been  a  powerful  technique  to 
characterize  GexSi,  _X/Si  structures.  For  a  bulk 
GexSi,_x/Si  alloy,  there  are  three  main  peaks  at  around 
300,  400,  and  500  cm-1  ascribed  respectively  to  the  vibra¬ 
tions  of  Ge-Ge,  Ge-Si,  and  Si-Si  pairs.8  The  dependence  of 
the  peak  positions  and  the  linewidth  in  the  GexSi,  _x  alloy 
on  the  fractional  composition  x  has  been  studied.  The 
GexSi,  _  X/Si  structure  has  also  been  studied  with  the  focus 
being  mainly  on  determining  the  strain  and  the  critical  thick¬ 
ness.9  In  this  paper,  the  objective  is  to  study  the  strain  distri¬ 
bution  in  the  superlattice  as  a  function  of  the  distance  from 
the  interface  using  the  technique  of  Raman  scattering. 

II.  EXPERIMENT 

The  Raman  experiments  were  performed  at  room  tem¬ 
perature  in  the  near  backscattering  geometry.  The  samples 


were  excited  with  the  514.5-nm  line  from  a  Spectra  Physics 
2020  argon  ion  laser  and  the  scattered  light  was  analyzed 
with  a  Spex  1404  double  spectrometer  and  an  EG&G  941 
photon  counter.  In  order  to  study  the  crystal  properties  of 
the  layers  close  to  the  interface  of  thick  GexSi,  _  X/Si  SLS,  a 
small-angle  bevel  of 0.0035  rad  was  made  on  the  samples  by 
angle  lapping,  as  shown  in  the  inset  of  Fig.  1 . 10  The  laser  light 
was  focused  with  a  cylindrical  lens  to  give  a  nanow  line  with 
a  width  of  12/zm  and  a  length  of  60  /im.  The  Raman  spectra 
were  obtained  by  successively  moving  the  sample  in  the  di¬ 
rection  perpendicular  to  the  bevel  edge  with  a  micrometer. 
With  the  known  bevel  angle  and  the  distance  between  the 
focused  laser  light  and  the  bevel  edge,  the  effective  superlat¬ 
tice  thickness  t  of  the  laser  probing  position  could  be  calcu¬ 
lated. 

The  GexSi,_x/Si  superlattice  samples  used  in  this 
study  are  listed  in  Table  I.  Samples  were  grown  by  an  ultra- 


F1G  1.  Raman  spectra  for  sample  62-4  at  Si  region  with  laser  probing  at 
positions  with  different  superlattice  thickness  The  inset  shows  the  schemat¬ 
ic  diagram  for  bevel  etched  samples,  where  0  =  0.0035  rad  is  the  bevel  angle 
and  t  —  1 1  —  d  0  is  the  effective  superlattice  thickness. 
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•osition  graduately  shifts  to 
becomes  broader  and  more 
'he  inset  shows  the  Raman 
region,  with  the  arrow  posi- 
k  positions 


spectra  as  a  function  of  the  distance  t  from  the  superlattice/ 
substrate  interface  for  the  same  sample.  It  can  be  seen  that  as 
we  get  closer  to  the  interface,  the  Ge-Si  peak  becomes 
broader,  more  asymmetric,  and  the  peak  position  shifts  to 
the  higher-frequency  side.  This  indicates  that  the  compres¬ 
sion  strain  in  the  alloy  layers  is  larger  and  that  the  crystal 
quality  becomes  worse  as  we  approach  the  interface  in  ac¬ 
cord  with  the  fact  that  misfit  dislocations  are  created  at  the 
interface  as  the  SLS  relaxes.  Similarly,  in  Fig.  3,  we  obtain 
the  signal  corresponding  to  the  Ge-Ge  vibrational  mode  for 
the  same  sample  624.  In  this  case,  the  silicon  two  transverse 
acoustic  phonon  scattering  peak11  from  the  X  point  at  300 
cm  - 1  becomes  dominant  as  we  approach  the  interface  such 
that  it  is  not  possible  to  determine  the  actual  position  or 
linewidth  of  the  Ge-Ge  Raman  peak. 

Figure  4  shows  the  peak  positions  of  the  Ge-Si  Raman 
peak  as  a  function  of  t  that  were  obtained  from  sample  624. 
Although  the  uncertainty  of  the  peak  position  is  relatively 
large  due  to  the  broad  Raman  lines,  an  increasing  peak  shift 
of  2  cm-1  is  observed  near  the  interface.  Several  thin 
Ge0}Si05/Si  SLS  samples  with  the  same  individual  layer 
thickness  (i.e.,  50  A)  but  different  total  superlattice  thick¬ 
ness  (i.e.,  300,  600,  and  1000  A)  were  also  tested.  The  sur¬ 
face  Ge-Si  Raman  peak  positions  as  a  function  of  the  total 
superlattice  thickness  of  these  samples  are  also  shown  in  Fig. 
4  for  comparison.  It  can  be  seen  that  for  the  bevel-etched 
thick  sample,  the  Ge-Si  Raman  peak  positions  did  shift  to 
higher  frequency  for  layers  close  to  the  interface.  However, 
these  values  are  still  not  as  high  as  those  from  the  thin 
Ge0  5  Si0  3  /Si  samples  with  the  same  total  thickness.  This  can 
be  understood  by  the  fact  that,  fora  thick  GexSi,  _  X/Si  SLS, 
the  strain  on  the  superlattice  layers  is  relieved  by  disloca¬ 
tions  generated  near  the  superlattice/substrate  interface.  In 
order  to  make  a  quantitative  estimate  of  the  strain  distribu¬ 
tion,  we  assume  ( 1 )  the  sample  62-4  is  100%  relaxed  at  the 
surface  such  that  the  Ge0  5  Si0  5  and  Si  layers  furthest  from 
the  Si  substrate  are  both  strained  by  approximately  1.05%, 
and  (2)  the  linear  relationship  between  strain  and  peak  fre¬ 
quency  shift,12 


FIG  3.  Ge-Ge  Raman  spectra  for  sample  62-4  at  different  depths.  Two 
competing  signals  with  different  intensities  are  seen  as  the  laser  probing  at 
different  sample  positions. 
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FIG.  4.  Depth  profiles  of  Ge-Si  Ran 
strain  for  sample  62-4.  These  results ; 
with  the  same  individual  layer  thickr 
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FIG.  5.  Depth  profiles  oflinewidth  and  asymmetry  measurement  for  sam¬ 
ple  62-4.  The  narrower  and  more  symmetric  Raman  peak  taken  at  layers 
close  to  surface  suggests  a  better  crystallinity  for  those  layers  away  from 
substrate. 

increase,  while  that  of  the  two  signals  from  the  buffer  layer 
and  the  substrate  decrease. 

In  summary,  the  Raman  spectra  taken  on  small-angle 
beveled  strained-layer  superlattice  structures  provide  an  ef¬ 
fective  way  to  determine  quantitatively  the  distribution  of 
strain  and  qualitatively  the  depth  profile  of  crystallinity 
throughout  the  layers  of  interest.  It  is  found  that  for  a  thick 
GexSi,  _  A/Si  SLS,  the  compression  strain  on  the  Ge*Si,  _  x 
alloy  layers  increases  and  the  crystal  quality  degrades  for 
layers  close  to  the  substrate. 
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GaAs  has  been  grown  on  porous  Si  directly  and  on  Si  buffer  layer-porous  Si  substrates  by 
molecular-beam  epitaxy.  In  the  case  of  GaAs  growth  on  porous  Si,  transmission  electron 
microscopy  (TEM )  reveals  that  the  dominant  defects  in  GaAs  layers  grown  on  porous  Si  are 
microtwins  and  stacking  faults,  which  originate  from  the  GaAs/porous  Si  interface.  GaAs  is 
found  to  penetrate  into  the  porous  Si  layers.  By  using  a  thin  Si  buffer  layer  (50  nm),  GaAs 
penetration  diminishes  and  the  density  of  microtwins  and  stacking  faults  is  largely  reduced  and 
localized  at  the  GaAs/Si  buffer  interface.  However,  there  is  a  high  density  of  threading 
dislocations  remaining.  Both  Si  (100)  aligned  and  four  degree  tilted  substrates  have  been 
examined  in  this  study.  TEM  results  show  no  observable  effect  of  the  tilted  substrates  on  the 
quality  of  the  GaAs  epitaxial  layer. 


I.  INTRODUCTION 

Because  of  the  potential  in  integration  of  GaAs  and  Si  cir¬ 
cuits  monolithically,  the  GaAs  on  Si  technology  has  recently 
drawn  a  great  deal  of  interest.  However,  the  4%  mismatch 
between  GaAs  and  Si  lattice  constants  causes  the  generation 
of  a  large  density  of  misfit  dislocations.  The  problem  is  exac¬ 
erbated  by  the  large  difference  of  the  thermal  expansion  co¬ 
efficients  between  GaAs  and  Si  which  results  in  a  very  large 
postgrowth  tensile  stress  in  the  grown  GaAs  layers. 

Several  approaches,  such  as  the  use  of  strained-layer  su- 
perlattice,1  rapid  thermal  annealing,2  and  tilted  substrates,' 
have  been  utilized  to  suppress  the  propagation  of  threading 
dislocations  toward  the  GaAs  active  region  To  date,  how 
ever,  the  total  defect  density  J" the  epitaxial  layers  grown  on 
Si  substrates  is  still  much  higher  than  that  on  GaAs  sub¬ 
strates. 

Recently,  a  possible  approach  for  growing  defect  free  ma 
tenals  on  lattice  mismatched  substrates  has  been  suggested 
by  Luryi  and  Suhir1  in  which  a  substrate  having  small  seed 
pads  of  a  lateral  dimension  about  10  nm  is  used.  However, 
this  small  size  of  seed  pads  is  extremely  difficult  to  achieve  if 
not  impossible  by  present  lithography  techniques.  Alterna¬ 
tively,  porous  Si  substrates  which  have  surface  pads  with 
dimensions  ranging  from  3  to  20  nm  appear  to  be  an  idea] 
substrate  with  seed  pads  for  epitaxial  growth 

Based  on  this  idea,  lattice  mismatched  GaAs4  and  CoSi/ 
films  have  been  prev  ious!y  gi  ow  n  on  porous  Si  show  ing  good 
crystallinity  and  surface  morphology  The  dominant  defects 
in  the  GaAs  layers  are  found  to  be  microtwms  and  stacking 
faults  In  this  study,  a  thin  Si  buffer  layer  is  grown  on  top  of 
porous  Si  substrates  to  examine  its  effects  on  defect  struc¬ 


ture.  Tilted  Si  substrates  as  well  as  aligned  ( 100)  Si  sub¬ 
strates  are  used  to  study  their  effects  on  the  GaAs  layer 
grown  both  directly  on  porous  Si  and  on  buffer  layer-porous 
Si  substrates. 

II.  EXPERIMENT 

Porous  Si  is  formed  by  anodizing  single-crystalline  Si  sub 
strates  in  HF  electrolyte  6  The  porosity  is  determined  by  the 
anodizing  current  density,  HF  concentration,  and  substrate 
doping  density  P-type  Si  ( 100)  substrates  with  a  resistivity 
of  0  02  D  cm  are  first  cleaned  by  repeatedly  boiling  in  nitric 
acid  and  dipping  in  HF  Then,  the  porous  Si  layers  are 
formed  by  anodizing  the  substrates  in  a  30%  HF  electroly  te 
After  anodization,  a  protective  oxide  layer  is  formed  imme 
diately  in  a  H2S04  H202  H20  =  4:1:4  solution. 

To  grow  the  Si  buffer  layer,  the  substrate  is  loaded  into  the 
Si  molecular  beam  epitaxy  (MBE)  growth  chamber.  The 
protective  oxide  layer  is  removed  by  the  Si  beam  self-clean 
ing  method  at  750 ’C1  The  Si  buffer  layer  is  grown  at  a 
gTowth  rate  of  3  nm/min  Then,  the  substrate  is  unloaded 
from  the  Si  MBE  chamber  and  another  protective  oxide  la., 
er  is  formed  on  the  Si  substrates. 

Pnor  to  GaAs  growth,  the  substrate  is  dipped  in  49%  HF 
m  N2  ambient*  to  remove  the  protective  oxide.  No  furthci 
high  temperature  treatment  except  cutgassing  at  700  ’C  is 
performed  on  the  substrates  so  as  to  prevent  the  collapse  of 
the  porous  Si  structure  GaAs  epitaxial  growth  is  performed 
by  a  two-step  growth  technique.  The  first  layer  is  grown  ai 
500  'C  foi  20  nm  with  0.4 ^m/h  growth  rate  and  the  sevoi.u 
layer  is  grown  at  650  *C  for  l  ^m  thickness  with  1  ^m,  h 
growth  rate. 
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FlC  1.  (a)  RBS  of  GaAs  on  porous  Si  (aligned  substrate)  (b)  RBS  of 
GaAs on  ungle-crysullme  Si  (aligned  substrate) 


Ftc.  3.  Lattice-image  TEM  of  GaAi/porous  Si  interface  (aligned  aub- 
ttrate).  GaAs  is  shown  to  penetrate  into  the  pores. 


III.  RESULTS  AND  DISCUSSION 

Surface  morphologies  of  the  GaAs  on  porous  Si  and  GaAs 
o'  Si  layers  are  found  to  be  generally  similar  and  smooth 
although  some  features  are  found  with  a  density  of  2x  10* 
cm-J.  The  roughness  of  the  porous  Si  surface  does  not  seem 
to  deteriorate  the  surface  morphology  of  the  GaAs  on  po¬ 
rous  Si  samples  when  compared  to  that  of  the  GaAs  on  Si 
samples  grown  at  the  same  time. 

The  crystallinity  of  the  GaAs  layers  is  examined  by  Ruth¬ 
erford  backscattering  spectroscopy  (RBS).  As  shown  in 
Fig  1,  the  minimum  channeling  yield  xn  of  the  GaAs  on 
porous  Si  is  10%,  a  little  smaller  than  xm  of  16%  for  the 
GaAs  on  Si  samples  Furthermore,  the  comparison  of  the 
dechanneling  behaviors  of  Figs  1(a)  and  1  (b)  indicates  that 
the  crystallinity  of  GaAs  grown  on  porous  Si  substrates  im 
proves  more  rapidly  than  GaAs  on  Si  as  the  epitaxial  GaAs 
thickness  increases 

From  cross-section  TEM,  the  dominant  defects  in  GaAs 
on  porous  Si  layers  are  microtwins  and  stacking  faults  as 
shown  in  Fig  2  Both  microtwins  and  stacking  faults  origi 
nate  from  the  GaAs/porous  Si  interface.  The  majority  of 


microtwins  terminate  within  the  first  190  nm  of  the  epitaxial 
layer  and  the  defect  density  is  reduced  to  2  X 10*  cm  at  the 
GaAs  surface.  GaAs  is  observed  to  penetrate  into  the  pores 
as  in  Fig.  3.  The  nucleation  of  GaAs  in  the  pores  is  suspected 
to  cause  the  formation  of  microtwins  and  stacking  faults. 

To  eliminate  the  penetration  of  GaAs  and  to  reduce  the 
high  density  of  microtwins  and  stacking  faults,  a  50- nm 
thickness  of  Si  buffer  layer  is  grown  on  the  porous  Si  sub¬ 
strate.  The  Si  buffer  layer  is  shown  to  bridge  over  the  pores 
and  to  smooth  the  surface  of  porous  Si  in  Fig.  4.  The  defect 
structure  of  the  GaAs  layer  grown  on  this  Si  buffer  Is  shown 
in  Fig.  5,  where  the  dominant  defects  are  threading  disloca¬ 
tions  instead  of  microtwins  and  stack  faults.  The  difference 
of  defect  structures  for  GaAs  grown  on  porous  Si  and  on 
buffer  layer-porous  Si  samples  suggests  that  the  surface 
roughness  of  porous  Si  indeed  results  in  the  formation  of 
microtwins  and  stacking  faults. 

Samples  are  also  grown  on  the  tilted  substrates  with  and 
without  Si  buffer  layers.  From  TEM  micrographs,  no  signifi¬ 
cant  difference  between  the  tilted  and  aligned  substrates  is 
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F'C  2  Crou-tectior  TEM  ofGaAi  onporou>S>  ^aligned  tubsuaie ,  *hw» 
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Fig  4  Lattice-linage  TEM  of  GaAi/Si  buffer  fporous  &  interface  (aligned 
arbitrate,  The  Si  buffer  layer  of  SO-un  thiriseaa  ha*  bridged  over  the 
pore*  Mtirotwiiu  and  uaclung  fault*  are  largely  reduced  and  localized  n 
the  GaAt/Si  buffer  interface 
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Fig.  J.  Cross-section  TEM  of  GaAi  on  Si  buffer/poroua  Si  (aligned  mb¬ 
it  rate)  showing  the  remaining  large  density  of  threading  dislocations. 


Fig.  6.  Cross  section  TEM  of  GaAs  on  Si  buffcr/poroua  Si  (four  tilted 
substrates ) .  The  defect  structure  and  density  are  similar  to  those  for  aligned 
substrates  as  in  Fig.  S. 


observed  in  our  present  study.  Figure  6  shows  the  TEM  mi¬ 
crograph  of  the  GaAs  layer  grown  on  the  Si  buffer  layer  on 
the  tilted  porous  ?'•  substrate.  The  defect  structure  and  den¬ 
sity  arc  similar  tc  use  for  aligned  substrates. 

To  further  redn'e  the  defect  density,  several  parameters 
have  to  be  optimized  The  growth  conditions,  porosity,  and 
buffer  layer  thickness  should  be  varied  for  examination  of 
the  effect  of  each  parameter  on  grown  GaAs  epitaxial  layers. 
Alternatively,  a  heterobuffer  system  such  as  GaAs/ 
Si| .  .Ge^/porous  Si  can  be  adopted.  By  tuning  the  Ge  per¬ 
centage  of  the  buffer  layer,  defects  may  be  confined  in  the 
heterobuffer  layer. 

IV.  SUMMARY 

GaAs  layers  have  been  grown  on  ( 100)  aligned  and  tilted 
porous  Si  substrates  and  no  significant  difference  of  the  qual¬ 
ities  between  them  are  observed.  The  GaAs  growth  is  also 
done  either  directly  on  porous  Si  or  on  a  thin  Si  buffer  layer 
on  porous  Si  In  the  former,  the  dominant  defects  are  found 
to  be  microtwins  and  stacking  faults  which  originate  from 
the  roughness  of  porous  Si  surface  For  the  latter,  the  thin  Si 
buffer  layer  of  50-nm  thickness  is  shown  to  effectively 
smooth  the  porous  Si  surface  and  to  reduce  microtwins  and 
stacking  faults.  There  remains  a  high  density  of  threading 
dislocations  m  the  buffered  samples.  It  is  expected  that  the 
density  may  be  reduced  further  by  optimizing  the  growth 
conditions,  porosity,  and  buffer  layer  thickness.  Alternative¬ 
ly,  a  heterobuffer  system  such  as  GaAs/Si ,  _ ,  Ge,  /porous  Si 
may  also  be  used  to  further  suppress  the  defect  density  of 
GaAs  epitaxial  layers. 
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Intersubband  opt*  .al  absorption  in  coupled  quantum  wells  under  an  applied  electric  field 

Pemg-fei  Yuh  and  K.  L.  Wang 

Device  Research  Laboratory,  Department  of  Electrical  Engineering,  University  of  California,  Los  Angeles,  California  90024-1600 

(Received  18  March  1988) 

The  very  large  tunability  of  the  transition  energy  when  an  electric  field  is  applied  is  found  in  the 
intersubbsnd  optical  transition  in  two  strongly  coupled  semiconductor  quantum  wells.  The  energy 
of  the  absorption  peak  can  shift  to  red  or  blue  and  is  very  sensitive  to  the  electric  field,  in  contrast  to 
the  single-well  case,  which  has  only  a  small  blue  shift.  The  oscillator  strengths  and  the  selection 
rule  depend  on  the  degree  of  coupling  and  are  quite  different  from  the  single-well  case.  The  method 
we  use  to  characterize  the  energy  levels  and  the  wave  functions  of  the  coupled  quantum  wells  has 
several  advantages  over  the  previous  theoretical  calculations  in  that  the  effective-mass  difference, 
the  finiteness  of  the  barrier  height,  and  arbitrary  structure  of  the  quantum  wells  can  be  taken  into 
account  by  using  a  transfer-matrix  technique. 


I.  INTRODUCTION 

The  electric  h-.J  dependence  of  the  absorption 
coefficient  in  semiconductor  quantum  wells  and  superlat¬ 
tices  has  been  studied  extensively  for  possible  electro- 
optical  applications.1-4  The  exciton  absorption  peak  of 
the  interband  transition  (valence-to-conduction-band 
transition)  in  quantum-wells  shifts  to  long  wavelength 
(red  shift)  when  the  electric  field  is  applied  and  is  known 
as*  the  quantum  confined  Stark  effect.  The  quantum 
confined  Stark  effect  in  quantum  wells  is  more  significant 
than  the  Franz-Keldysh  effect  in  the  bulk  semiconductor 
due  to  the  confinement  of  the  wave  functions  in  the  quan¬ 
tum  wells.3  On  the  other  hand,  the  absorption  edge  of  the 
intersubband  transition  (subband  to  subband  transitions 
within  the  conduction  band)  in  quantum  wells  shift  to 
short  wavelength  (blue  shift)  under  an  applied  electric 
field.3,6  This  intersubband  Stark  shift  is  small  and  cannot 
be  used  in  optical  modulation  applications  since  the  rela¬ 
tive  energies  of  the  sublevels  in  a  single  well  do  not 
change  much  by  the  electric  field. 

The  energy  levels  originated  from  different  wells  in 
coupled  quantum  wells,  however,  can  be  tuned  individu¬ 
ally  by  applying  electric  field.  The  strength  of  this  in¬ 
terwell  transition  is  small  because  the  wave  functions  are 
partially  overlapped.7  The  coupled  quantum  wells  are 
defined  as  the  quantum-well  structure  comprising  more 
than  one  quantum  well  with  interwell  spacings  and  bar¬ 
riers  sufficiently  small  so  that  significant  amount  of  in¬ 
teraction  takes  place.1  The  energy  states  and  wave  func¬ 
tions  of  the  coupled  quantum  wells  in  the  absence  of  elec¬ 
tric  field  were  calculated  by  several  authors.*-10  We 
have  calculated  the  energy  states  for  a  superlattice  con¬ 
sisting  of  coupled-well  basis.”  Experimental  investiga¬ 
tion  of  the  interband  transition  of  the  coupled  quantum 
wells  is  also  carried  out.7,12  - 14 

In  this  paper  a  formalism  of  the  dispersion  relation  is 
developed  for  a  general  quantum  well  structure  in  the 
presence  of  the  electric  field.  The  effective-mass 
difference,  coupling  of  the  conduction  band  to  the 
valence  and  split-off  bands,  and  the  finite  height  of  the 
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barriers  are  also  taken  into  account.  As  a  special  case, 
the  intersubband  optical  transitions  in  coupled  quantum 
wells  are  analyzed  by  this  approach.  The  Stark  shift  in 
the  coupled  wells  is  considerably  larger  than  that  in  the 
single-well  case  while  the  oscillator  strength  is  smaller  for 
the  former,  depending  on  the  degree  of  coupling.  The 
selection  rule  also  depend  on  how  the  wells  are  coupled. 
For  example,  the  1-+3  transition,  which  is  forbidden  in 
the  single-well  case,  is  possible  in  the  coupled  well  case. 

II.  METHOD 

The  dispersion  relation  of  an  isolated  quantum  well  is 
derived  here.  Figure  1  shows  the  conduction-band  edge 
of  an  arbitrary  quantum-well  structure  consisting  of  a 
finite  number  of  layers  with  the  total  length  L.  The 
quantum-well  structure  is  bounded  by  two  infinitely  thick 
potential  barriers  with  height  eV,  and  eVr  on  the  left  and 
right,  respectively.  The  energies  of  interest  are  between 
the  bottom  of  the  wells  and  the  minimum  of  eVt  and  eVr. 
The  wave  functions  and  on  the  left  and  right  con¬ 
tacts,  respectively,  are 

4*1=  AeK>\  z^O 

'V,=Be~K,'t~L\2zL  (1) 

where 

*2=-(2mrVff2)(£-eF,-£|) , 

E  is  the  total  energy  and  E,  t=f?k  j  /2m  *,  kt  is  the  wave 
vector  normal  to  the  z  direction,  and  m*  is  the  effective 
mass  in  the  corresponding  region.  Using  the  transfei- 
matrix  technique,15  and  are  related  by 


% 

*P* 

=5(L,  0) 

*p; 

*  r 

*  / 

mr 

m, 
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quantum  well  composed 


z*0  L 


FIG.  1.  Conduction-band  edge  of  an  arbitrary  quantum  well 
consisting  of  a  finite  number  of  layers  with  the  total  length  L. 
Vi  and  I*,  are  conduction-band  envelope  functions  along  the  z 
direction  for  the  left  and  right  contacts  with  potential  eVx  and 
eV„  respectively. 


where  S  is  a  2x2  transfer  matrix.  Frc:n  Eqs.  (1)  and  (2), 
the  constant  A  and  B  can  be  eliminated  and  the  disper¬ 
sion  relation  is  readily  obtained  as 

m*  Sn+{i<i/m*)Sn  ^ 

Kr  Sj|  *  )Sjj 


Jn.n=2Ufuo-Ef) . 

The  broadening  effect  can  be  incorporated  by  experimen¬ 
tal  linewidth  and  then  the  density  of  states  can  be  written 
as 


J.ml _ "h _  (7, 

""  ir  (Et-fct>)2+(ff/r2)2  ’ 

where  7\  is  of  the  order  10~13  sec  by  recent  experi¬ 
ments.5,  The  population  difference  A N  of  the  initial 
state  to  the  final  slate  at  finite  temperature  can  be  ob¬ 
tained, 


(8) 


1+e 


where  L  is  the  width  of  the  quantum  well  and  Ef  is  the 
Fermi  energy.  The  peak  absorption  occurs  at  Hu—Et 
and  is 


a  =  (4.3686xlO<)/„,„ 


AN 


10 


-l3  sec  10IS  cm-3 


(cm"1)  (9) 


for  the  material  parameters  of  GaAs. 


III.  RESULTS 


In  calculating  an  arbitrary  potential,  the  quantum  well  is 
divided  into  several  sublayers.  Each  sublayer  contains 
only  a  linear  potential  (tilted  or  constant).  The  transfer 
matrix  S  is  the  product  of  transfer  matrices  of  the  sub¬ 
layers.  The  explicit  expressions  of  the  subtransfer  matrix 
are  given  in  Ref.  11  for  a  linear  potential  by  the  effective 
mass,  two-  and  three-band  models,  respectively.  The 
dispersion  relations  for  two-  and  three-band  models  are 
obtained  by  substituting  K/m  *  in  Eq.  (3)  with 


K  K 

E-Vp  ' 


e-vb 


1 

E-V0 


(4) 


where  Vp  and  V0  are  the  light-hole  band  and  spht-off 
band  maximum,  respectively.11  The  wave  functions  can 
be  constructed  once  the  energy  states  are  determined. 

The  absorption  coefficient  of  the  intersubband  transi¬ 
tion  from  initial  state  n  to  the  final  state  n'  in  the  dipole 
approximation  is  given  by 

ire2ficua 
im  nr 


where  pQ  is  the  permeability  and  c  is  the  speed  of  light. 
The  index  of  refraction  n,  and  the  effective  mass  m  *  are 
considered  to  be  the  average  values  in  the  quantum-well 
structure.  Tht  oscillator  strength  /„•„  is  given  by 


fn'n  = 


,2 


m  *fio) 


-pl.  =• 

•  n  #» 


ft2 


Eg{n' \z  |  n  ) 2 


(6) 


where  is  the  momentum  matrix  element  and 
Eg=E„ — Eh  is  the  transition  energy.  The  joint  density 
of  states  Jn-n  in  intersubband  transitions  is  a  8  function 


The  coupled  quantum  well  structure  comprising  two 
wells  A  and  B  of  dimension  WA  «*  100  A  (35  monolayers) 
and  WB  =  50  A  (17  monolayers)  and  a  barrier  of  dimen¬ 
sion  30  A  (II  monolayers)  inserted  between  A  and  B  is 
investigated.  This  coupled-quantum-well  structure  is 
bounded  by  thick  n  +  barriers  such  that  the  voltage  drops 
only  in  the  wells  and  the  thin  barrier.  All  the  wells  are 
assumed  GaAs  and  the  barriers  Al^Ga^As.  The 
0.6:0.4  rule  is  used  for  the  ratio  of  the  conduction-band 
offset  to  the  valence-band  offset  in  AlxGat_x/GaAs 
heterojunctions. 

In  the  discussion  that  follows,  first  the  energy  states 
and  wave  functions  are  calculated  to  illustrate  how  the 
wells  are  coupled.  It  is  instructive  to  relate  the  energy 
states  of  the  double  well  coupling  case  to  the  original 
single-well  states.  The  term  “interwell  transition"  refers 
to  the  intersubband  transition  whose  initial  state  and  final 
state  are  originated  from  different  wells,  while  the  term 
"intrawell  transition"  is  for  the  transition  between  two 
states  in  the  same  well.  The  transition  energy  of  the  in¬ 
terwell  transition  is  a  strong  function  of  the  applied  elec¬ 
tric  field.  However,  the  oscillator  strength  of  the  interwell 
transition  is  in  general  smaller  than  that  of  the  intrawell 
transition.  The  oscillator  strength  as  a  function  of  the 
well  dimension,  the  barrier  dimension,  and  the  electric 
field  is  discussed  secondly. 

A.  Energy  states  and  wave  functions 

The  energy  states  versus  the  well  dimension  of  the  B 
well  is  shown  in  Fig.  2(a).  The  two  states  at  around  30 
and  120  meV  are  originated  from  the  A  well  and  are  la¬ 
beled  as  rtA  =  \A,  and  2A  in  Fig.  2.  The  three  falling 
states  come  from  the  B  well  and  are  labeled  as  n^l^, 
2b,  and  3fl.  For  example,  the  1— »2  transition  corre- 
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FIG.  2.  Energy  sUtes  as  a  function  of  (a)  the  well  width,  (b>  the  barrier  width,  and  (c)  the  applied  electric  field  for  the  coupled 
quantum  wells  comprising  two  wells  A  and  B  and  a  thin  barrier  in  between,  {a)  Energy  states  as  a  function  of  the  width  of  the  B  well 
when  the  A  well  is  100  A  and  thin  barrier  is  3G  A.  The  energy  states  originated  from  the  A  well  are  labeled  unA~lA  and  2A  and 
those  from  the  B  well  are  labeled  as  nB  =  l,,  2*  and  3j  in  order  to  distinguish  the  interwell  transitions  from  the  intrawell  transitions, 
(b)  Energy  states  as  a  function  of  the  width  of  the  thin  barrier  when  the  A  well  is  100  A  and  B  well  is  50  A.  (c)  Energy  states  as  a 
function  of  the  electric  field  when  the  A  well  is  100  A,  the  B  well  is  50  A,  and  thin  barrier  is  30  A.  The  1*  state  intersects  the  2A  state 
at  the  field  -50  kV/cm,  while  it  intersects  the  1 A  states  at  50  kV/cm.  The  transition  energies  of  the  1 A  1*  and  the  1§-*2A  transi- 
tions  is  very  sensitive  to  the  applied  electric  field. 


sponds  to  the  !  A  -*  15  interwell  transition  when  the  B 
well  is  50  A  while  it  corresponds  to  the  lA-*2A  in- 
trawell  transition  when  the  B  well  is  20  A. 

The  energy  states  versus  the  barrier  dimension  is 
shown  in  Fig.  2(b).  The  barrier  dimension  has  small 
effect  on  the  energy  states  when  the  barrier  width  is 
larger  than  30  A.. 

The  electric  field  dependence  of  the  energy  states  is 
shown  in  Fig  2(c)  The  polarity  of  the  electric  field  is 
shown  in  the  inset  The  energy  states  originated  from  the 
A  well  and  the  B  well  are  labeled  in  a  way  as  in  Fig.  2(a). 
The  transition  energy  of  the  \A  -»24  intrawell  transition 
does  not  change  much  by  the  electric  field  but  the 
l^--*la  interwell  transition  does.  Depending  on  the  po¬ 


larity  of  the  applied  field,  the  transition  energy  can  shift 
to  small  energy  (red  shift),  or  large  energy  (blue  shift). 

Shift  of  the  absorption  peak  as  large  as  75  tneV  is  pre¬ 
dicted  for  the  interwell  transition  case  (the  or 

equivalently,  the  l-*2  transition  between  the  field  —50 
and  50  kV/cm).  For  comparison,  the  single  well  case  has 
only  a  shift  of  1.6  meV  under  an  applied  field  of  36 
kV/cm.5  According  to  the  recent  intersubband  experi¬ 
ments,16  the  full  width  at  half  maximum  (FWHM)  of  the 
absorption  coefficient  is  about  19  meV,  which  is  much 
smaller  than  the  shift  of  this  interwell  transition  in  cou¬ 
pled  quantum  wells  by  applying  an  electric  field. 

The  wave  functions  of  the  lowest  three  states  are 
shown  in  Fig.  3,  for  the  zero  field,  —50  and  50  kV/cm, 
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respectively.  The  wave  function  oscillates  in  its  own  orig¬ 
inal  well  and  decays  in  the  other  well  in  the  zero  field  or 
small  field  cases.  Thus  the  overlap  of  the  interwell  wave 
functions  is  considerably  smaller  than  that  of  the  in¬ 
trawell  wave  functions.  The  -50  kV/cm  fields  are 
chosen  such  that  the  la  and  2A  states  are  mixed,  thus  the 


FIG.  3.  Wave  functions  of  the  lowest  three  states  in  the  cou¬ 
pled  quantum  wells  described  in  Fig.  2(c)  for  the  zero  field,  and 
±50  kV/cm,  respectively. 


FIG.  4.  Oscillator  strength  as  a  function  of  (a)  the  well  width, 
(b)  the  barrier  width,  and  (c)  the  applied  electric  field  for  the 
coupled  quantum  wells  described  in  Fig.  2.  (a)  Oscillator 
strength  as  a  function  of  the  width  of  the  B  well.  The  oscillator 
strength  is  labeled  in  each  section  as  the  1 A  — 1»,  1 4  -*2A  tran¬ 
sitions,  etc.,  according  to  the  labeling  in  Fig.  2(a).  The  interwell 
transitions  usually  have  small  strength,  (b)  Oscillator  strength 
as  a  function  of  the  width  of  the  thin  barrier.  The  interwell 
transition  1 A  —  l .  has  large  strength  when  the  thin  barrier  is 
smaller  than  30  A.  (c)  Oscillator  strength  as  a  function  of  the 
electric  field.  The  oscillator  strength  is  proportional  to  the  ab¬ 
sorption  coefficient  by  Eq.  (9). 
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(o)Multiple  quantum  wells 
doped  in  the  thick  barriers 


FIG.  5.  Arrangement  of  the  coupled  quantum  wells  for 
electro-optical  applications,  (a)  Multiple-quantum-well  case: 
the  undoped  coupled  quantum  wells  are  inserted  between  heavi¬ 
ly  doped  thick  barriers.  The  electric  held  is  distributed  only  in 
the  coupled  quantum  wells.  Thus  the  result  in  Sec.  Ill  can  be 
directly  applied.  The  peak  absorption  energy  of  the  interwell 
transition  can  shift  to  red  or  blue  by  the  electric  field,  (b)  Super¬ 
lattice  case:  a  superlattice  incorporates  the  coupled  quantum 
wells  as  its  basis.  Only  the  well  regions  are  heavily  doped. 
High-electric-field  domains  are  expanding  well  by  well  in  the 
barrier  regions  so  that  the  energy  levels  in  each  well  are  aligned. 
The  transition  energy  of  the  interwell  transition  does  not  change 
with  the  electric  field.  But  the  absorption  magnitude  decreases 
as  the  domains  expand  since  the  absorbent  wells  available  are 
decreasing. 

wave  functions  of  the  1 B  and  2  A  states  are  oscillatory  in 
both  wells.  While  at  the  field  50  kV/cm,  the  ls  and  1 A 
states  are  mixed,  where  the  wave  functions  of  the  1*  and 
1 A  states  are  oscillatory  in  both  wells. 

B.  Oscillator  strength  and  absorption  coefficient 

To  show  that  the  intrawell  transitions  are  usually 
stronger  than  the  interwell  transition,  the  oscillator 
strength  versus  the  well  dimension  of  the  B  well  is  plotted 
in  Fig.  4(a).  The  l-*2, 1  — *3,  and  2-* 3  transitions  are  la¬ 
beled  as  1  ^  — ►  la,  “*■  1  /< ,  and  \b-+1a  transi¬ 

tions  in  the  corresponding  regions  in  order  to  distinguish 
the  interwell  transition  from  the  intrawell  transitions. 
They  are  labeled  according  nc  labeling  in  Fig.  2(a). 

The  thin  barrier  plays  at.  important  role  for  the  in¬ 
terwell  transitions.  The  oscillator  strength  versus  barrier 


width  is  shown  in  Fig.  4(b).  For  a  thinner  barrier  the  two 
wells  are  strongly  coupled  and  the  interwell  wave  func¬ 
tions  have  large  overlap  and  thus  large  oscillator  strength 
while  for  a  thicker  barrier  the  two  wells  are  decoupled 
and  this  approaches  the  single-well  limit. 

The  oscillator  strength  versus  electric  field  is  shown  in 
Fig.  4(c),  where  the  transitions  are  labeled  according  to 
that  in  Fig.  2(c).  The  oscillator  of  the  interwell  transi¬ 
tions  is  1  order  of  magnitude  smaller  than  that  of  the  in- 
trawell  transitions  in  the  present  example.  The  interwell 
oscillator  strength  peaks  at  the  electric  field  when  the  en¬ 
ergy  levels  are  mixed. 

IV.  STRUCTURAL  CONSIDERATION 

In  Sec.  Ill  we  have  assumed  a  uniform  electric  field  ap¬ 
plied  only  in  the  well  regions  and  thin  barrier.  This  is  a 
good  approximation  if  the  contact  barriers  are  heavily 
doped  while  the  wells  and  the  thin  barrier  are  undoped, 
as  schematically  shown  in  Fig.  5(a).  Multiple-coupled 
wells  are  required  to  enhance  the  absorption.  The  con¬ 
tact  barriers  should  be  thick  enough  ( ;>  100  A)  in  order 
to  decoupled  the  individual  coupled  quantum  wells.  In 
this  case  both  the  blue  shift  and  the  red  shift  are  possible. 

The  second  possible  arrangement  is  shown  in  Fig.  5(b), 
where  the  individual  coupled  wells  are  also  coupled  to  the 
neighbors.  The  well  regions  should  be  heavily  doped  to 
ensure  carriers  accumulated  in  the  ground  state  while  the 
barriers  are  not  doped.  As  the  voltage  is  applied,  the 
bands  tend  to  align  one  by  one,17  as  is  shown  schematical¬ 
ly.  Thus  one  may  not  expect  an  energy  shift  of  the  ab¬ 
sorption  peak,  but  the  magnitude  of  the  peak  will  drop 
since  the  number  of  absorbent  wells  available  are  decreas¬ 
ing  as  the  number  of  aligned  wells  increases  when  the 
electric  field  is  applied. 

V.  CONCLUSION 

In  conclusion,  we  have  developed  a  formalism  based  on 
the  transfer  matrix  to  calculate  the  energies  and  wave 
functions  in  an  arbitrary  quantum-well  structure.  The  in¬ 
tersubband  optical  transitions  of  the  coupled  quantum 
wells  under  an  applied  electric  field  are  analyzed  using 
this  formalism.  Very  large  Stark  shift  by  the  interwell 
transitions  is  predicted.  However,  the  oscillator  strength 
of  the  interwell  transition  is  one  order  of  magnitude 
smaller  than  the  intrawell  transition. 
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ABSTRACT 

The  absorption  constant  for  intraband  transitions  in  parabolic  multiquan- 
tum  well  structures  is  calculated  and  compared  with  intraband  absorption  in  a 
square  well  superlattice.  The  parabolic  multiple  quantum  well  structure  may 
be  used  as  an  Infrared  detector  with  the  possibility  of  lower  leakage  current 


compared  to  one  made  of  square  wells. 

Recently  there  have  been  many  studies  both  experi- 
mentally'-2-3  and  theoretically413-6  in  the  development  of 
infrared  detectors  using  intraband  absotption  in  quantum 
well  structures.  In  this  paper,  we  present  a  theoretical 
calculation  of  intraband  absorption  in  parabolic  quantum 
well  superlattices. 

A  superlattice  can  be  fabricated  as  described  by 
Miller  et.al.7  using  hetrointerfaces  or  alternatively  with  n 
and  p  doped  rt-i-p-i  structure  as  shown  by  Dtthler*. 
Superlatticcs  made  of  these  parabolic  quantum  wells 
have  the  interesting  feature  that  the  ground  state  sees  a 
wider  barrier  than  the  excited  states  due  to  the  shape  of 
the  potential.  This  allows  one  to  choose  the  device 
parameters  so  that  the  ground  states  are  nearly  isolated 
from  each  other  and  at  the  same  time  forming  a  band  for 
the  first  excited  state.  Due  to  this  isolation  it  is  possible 
to  populate  the  ground  state  (by  doping)  without  produc¬ 
ing  an  appreciable  leakage  current  due  to  tunneling 
under  an  applied  electric  field.  This  is  similar  to  impur¬ 
ity  band  infrared  detectors9  where  a  thin  inuinsic  layer  is 
used  to  isolate  the  heavily  doped  active  region. 

First  we  consider  the  absorption  between  two  states 
of  an  isolated  parabolic  well  as  shown  in  Fig.  1.  To  a 
good  approximation  we  can  describe  (lie  envelope  states 
as  given  by  that  of  an  infinite  parabola.  The  Hamiltonian 
til)  of  the  system  in  the  effective  mass  approximation 
(where  the  effect  of  the  nearest  bands  arc  taken  into 
account  using  an  empirical  effective  mass  m'  can  be 
written  as 


Parabolic  Quantum  Hell 


Fig.l  Schematic  diagram  of  a  parabolic  quantum  well 
showing  the  intraband  transition. 


where  z  is  the  growth  direction  and  p  is  the  momentum 
of  the  electron  (or  hole)  along  z  direction,  fl  is  given  in 
terms  of  die  curvature  (K)  of  the  parabola  by  V Kim \ 
Energy  eigenvalues  of  the  system  i  re  given  by 

1  rfk]  v 

=  (n+^)fiQ  + - f  (2) 

2  2/n 

where  kly  is  the  wave  vector  of  the  electron  (or  hole) 
perpendicular  to  the  growth  direction  and  n  =  0.1,2... 

For  intraband  transitions,  non-zero  dipole  matrix 
elements  occur  when  the  photon  interaction  acts  on  the 
envelo|)c  pan  of  the  wave  functions1-3.  The  oscillator 
strength  (0  corresponding  to  a  transition  between  states 
lu>  and  |m>  is  given  by1 
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/_„  =  —f  (E-EJ  (<«l.in>p.  (3) 

The  matrix  element  <rt\fyn>  can  be  easily  obtained  by 
writing  z  in  terms  of  creation  ( a *)  and  annihilation  (a) 
operators10  as 


I  2h  { a *  +  a) 
2 


where  tj*  and  a  satisfy 

a* Jn>  =  Vfl+l  |«+1> 
dp>  ~  'fit  |/t— 1>, 

The  matrix  element  can  be  evaluated  readily  using  z 
from  Eq.  (4)  as 

<"W»»  =  -v/t-VT  l  ^+T  5^,  +  vm  S_, ).  (5) 

'  2m  Cl 

This  implies  that  for  a  parabolic  well,  non-zero 
dipole  matrix  elements  occur  only  between  adjacent 
states.  This  is  quite  different  from  the  case  of  a  square 
well  where  the  dipole  matrix  element  is  non-zero 

between  any  two  states  with  opposite  parity1. .  In  the 
case  of  absorption  we  need  to  consider  only  the  first 
term  of  Eq.  (5).  Then  the  oscillator  strength  for  the 
transition  n  to  n+1  is  given  by 

/— » t  -  ^(n+D.  (6) 

m 

This  may  be  compared  with  the  case  of  a  square 
well  with  an  infinite  barrier,  where  the  oscillator  strength 
for  the  same  transition  is  given  by1 

(n+lrtn+2)*  n, 

/n-KW-l  _2  •  •  '•* 

i r/n  (2/H-3  Y 

For  the  transition  between  the  ground  state  and  the  first 
excited  state,  the  oscillator  strengths  for  parabolic  and 
square  wells  are  given  by  mjm *  and  0 96mjm',  respec¬ 
tively. 

For  a  given  interaction  potential  Vp  the  transition 
rate  (W)  is  given  byls 

w  -  2jL  £  IcOfjvyrVp  6 {Ef  -E,-  Au)  (8) 

where  E/  and  Ef  are  the  initial  and  final  state  energies,  u> 
is  the  frequency  of  the  incident  photon,  0/  and  <t>F  are 
the  initial  and  final  state  wave  functions  and  for  photon 
interaction  Vf  is  given  by11 

vp  =  ~~  r~~-  t-Jf  (9) 

r  m  2e0nrox: 

where  n,  is  the  refractive  index,  t  and  p are  the  polariza¬ 
tion  of  the  incident  photon  and  momentum  of  the  elec¬ 
tron  (or  hole).  Evaluating  the  transition  rate  using  Eq. 


Parabolic  well  supcrlatticc  showing  the  isolated 
ground  states  and  miniband  at  the  first  excited 


(8)  and  integrating  it  over  the  incident  photon  energy  at 
Brcwester's  angle,  the  fraction  of  energy  absorbed  per 
unit  length  is  obtained  as 

- - L —  (10) 

tZgrnc  n,{n}+[) 

where  pt  is  the  two  dimensional  density  of  electrons  (or 
holes)  in  the  well. 

Next,  we  consider  an  optical  transition  of  a  super¬ 
lattice  made  of  parabolic  quantum  wells.  Fig.2  shows 
the  schematic  diagram  of  the  supcrlatticc,  where  ground 
states  are  isolated  and  excited  states  form  a  miniband. 
The  analysis  is  very  similar  to  the  case  of  an  impurity  to 
band  transition  where  a  bound  electron  (or  hole)  make  a 
transition  to  the  conduction  (or  valence)  band.  Here,  we 
use  the  tight  binding  method10  to  find  the  final  state 
wave  function  using  infinite  parabolic  well  wave  func¬ 
tions  as  our  basis  set.  Under  these  condition  initial  and 
final  states  wave  functions  can  be  written  as 


*  %  ,rr  Z  .rr, 


where  A  is  the  area  of  the  well,  p  arc  the  wave  and 
the  position  vectors  in  the  x,y  plane,  u0  is  the  cell  period 
function  near  the  band  extremum,  q  is  the  wave  vector 
along  the  miniband,  N  is  the  number  of  wells  in  the 
supcrlatticc  (assumed  very  large)  and  and  0|„  arc 
the  ground  state  and  excited  state  wave  functions  of  an 
infinite  parabolic  well  at  positions  rL  and  nL,  respec¬ 
tively. 

Taking  into  account  only  the  nearest-well  interac¬ 
tions,  the  dispersion  relation  for  the  first  excited  state  can 
be  written  as1* 

nh2 

E,sE  |  +  2r,cos(qL)  +  — ^  (12) 

2 m 


V- 
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Fie.?  Absorption  constant  is  a  function  of  wavelength 
around  10.6pm.  Here  we  assumed  1R  incident  at 
Brewster's  angle  and  L=132X,  «J=6lX,  V  =  225 
meV  and  miniband  width  for  the  parameters 
used  is  12  meV. 


whet.  /.‘|  is  the  first  excited  state  energy  of  an  isolated 
para*'  \:e  quantum  well  and  rt  is  given  by 

tj  =  >.*fi d;  (13) 

where  (5  =  m'Q'ti.  For  a  given  parameters  of  the  super- 
late...  i,  can  be  easily  obtained  from  Eq.(13)  by  numeri¬ 
cal  integration.  Using  the  initial  and  final  state  wave 
fun.  :..<ns  we  can  obtain  the  matrix  element  of  the  transi¬ 
tion  .t» 

<|J> 

Sin.  d>„,  is  localized  at  the  r'*  well  position,  the  major 
con*,  tuition  to  the  matrix  element  occurs  when  n  =  r.  It 
can  :v  easily  shown  using  Eq.  (5)  that  the  Eq.(l4) 
red..  to 

W  W/H2  =  ~"L—  r4r<^,>2- 

N  2m  Ci 

SuK-  .'..ting  this  in  the  expression  for  the  transition  rate, 
we  •••'ijin  the  absorption  constant  as  a  function  of  pho¬ 
ton  e  ergs  (Tito)  as 


.  ■’  2m'cC0n,  w  yltE^-tnaWuy-E^) 

uhl''  1  i-u»=£ r^p+2/,  and  £roin=£r£<,-2,i- 

1  -•  3  shows  the  absorption  constant  as  a  function 
of  w  velength  for  a  case,  device  parameters  chosen  in 
orJ.  •  to  obtain  response  near  10pm  The  paraboii, 
•ju.  -  ■'  well  is  assumed  to  contain  3xl()17  electrons' 


cm3.  For  the  parameters  used,  Eq.(13)  gives  about  12 
meV  band  width  for  the  subband.  The  absorption  con¬ 
stant  shows  singular  behavior  at  the  bandedges  due  to 
one  dimensional  van  Hove  singularities  of  the  join 
density  of  states,  giving  a  relatively  high  absorption 
coefficient.  The  joint  density  of  states  has  one  dimen¬ 
sional  nature  since  it  depends  only  on  the  states  in  the 
miniband  along  the  growth  direction.  The  contribution 
to  the  joint  density  of  states  Prom  the  states  peipendicu- 
lar  to  the  growth  direction  cancels  due  to  the  conserva¬ 
tion  of  momentum  in  the  process.  Our  value  of  the 
absorption  constant  is  about  700cm'1  which  is  quite 
close  to  the  values  obtained  experimentally1-2-3 
(600-700cm"’)  for  a  square  well  superlatdce  with  similar 
electron  concentration  in  the  well. 

In  conclusion,  we  have  showed  the  possibility  of 
using  parabolic  quantum  well  structures  for  infrared 
detector  applications.  Effect  of  the  finite  height  of  the 
parabolic  well  may  be  second  order  corrections,  since  the 
exponentially  decaying  tails  of  the  wave  functions  are 
the  ones  that  feel  the  finite  height.  Parabolic  well  super- 
lattices  may  provide  lower  leakage  currents  due  to  tun¬ 
neling  compared  to  square  well  superlattices  with  the 
same  barrier  thickness,  since  the  ground  state  barrier  is 
always  thicker  than  that  of  the  excited  state  for  a  para¬ 
bolic  well  superlattice.  It  interesting  to  note  that  the 
Stark  shift  for  a  parabolic  well  energy  sttte  does  not 
depend  on  energy  of  the  state.  Therefore,  once  the  dev¬ 
ice  parameters  are  optimized  for  a  particular  wavelength 
range  it  is  not  sensitive  to  the  variation  of  the  electric 
field  present  in  the  device.  This  is  not  true  for  the  case 
of  square  wells  for  which  the  Stark  shift  is  a  function  of 
the  eigen  state  energy13-14. 
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Formalism  of  the  Kronig-Penney  model  for  superlattices  of  variable  basis 
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A  formalism  of  the  Kronig-Penney  model  based  on  the  transfer-matrix  technique  and  the 
envelope-function  approximation  has  been  developed  for  super, 'atttces.  it  can  be  used  in  handling 
superlattices  composed  of  complicated  bases,  is  easier  to  use  than  the  conventional  Kronig-Penney 
model  in  matching  boundary  conditions,  and  is  more  accurate  because  the  effective  mass  and  band 
coupling  are  included.  The  minibands  of  superlattices  having  different  superlattice  bases  are  ana¬ 
lyzed  by  this  new  method. 


I.  INTRODUCTION 

Superlattices  are  alternating  ul'trathin  epitaxial  layers, 
in  which  a  one-dimensional  potential  is  superimposed  on 
the  crystal  potential  of  the  background  crystal.1  The 
one-dimensional  potential  is  formed  by  the  band  offset  of 
the  heterolayers  in  a  compositional  superlattice,  or  by 
periodically  growing  the  n-  and  p-doped  semiconductor 
layers,  separated  by  intrinsic  layers  in  the  doped  superlat¬ 
tice  or  n-i-p-i.  While  the  real  crystal  potential  has  the 
same  period  as  the  lattice  points,  the  period  of  the  super¬ 
lattice  potential  is  the  same  as  (he  alternating  layers.  For 
convenience,  one  period  of  the  alternating  layers  will  be 
called  the  basis  of  the  superlattice.  In  the  bulk  semicon¬ 
ductor,  different  bases  or  primitive  cells  will  result  in 
different  crystal  potentials,  thus  different  ene-gy  bands. 
Analogously,  one  may  expect  that  the  minibands  in  the 
superlattice  will  change  as  the  superlattice  basis  changes. 
In  the  past  since  its  inception  in  1969, 2  the  superlattice 
basis  has  always  been  simple  barrier-well  structure  for 
simplicity  of  analysis.  With  modification  of  the  basis,  in¬ 
teresting  effects  are  expected  in  the  miniband  transport 
and  optical  transitions. 

The  Kronig-Penney  model  has  been  applied  to  calcu¬ 
late  the  minibands  in  a  superlattice  with  some 
modifications  of  the  boundary  conditions.1,4  Those 
boundary  conditions  are  derived  from  the  envelope  func¬ 
tion  approxiir  aliens.1  The  wave  equations  and  boundary 


conditions  of  three  commonly  used  models  are  listed  in 
Table  I  for  later  discussion.  Among  them,  the  effective- 
mass  model  takes  into  account  the  effective-mass 
difference  in  the  barrier  and  the  W'-ll  regions.  The  two- 
band  mode]  includes  the  coupling  of  the  conduction  band 
and  light-hole  band.  While  the  three-band  model  in¬ 
cludes  further  the  coupling  of  the  split-off  band.  Since  in 
the  k*p  theory  the  heavy-hole  band  is  decoupled  with  the 
other  three  bands,6  the  three-band  model  is  the  most  ac¬ 
curate  of  the  three  in  treating  all  the  four-band  interac¬ 
tions.  The  modifications  give  simple  final  forms  and  need 
no  more  computation  effort  than  the  conventional 
Kronig-Penney  mode!  does.7  However,  both  the  classical 
Kronig-Penney  model  and  the  modified  ones  have  the 
fundamental  limitations.  First,  the  formalism  of  the 
Kronig-Penney  model  is  tedious  and  needs  to  simplify  the 
determinant  of  a  4X4  matrix.1  Secondly,  it  can  only  be 
used  for  a  single  square-well  basis,  but  cannot  be  used  for 
complicated  bases,  for  example,  bases  with  multiple  lay¬ 
ers,  band-bending,  or  an  arbitrary  shape  of  the  well  by 
adjusting  the  alloy  composition.  With  an  increasing  in¬ 
terest  in  applications  of  the  novel  superlattice  or  quan¬ 
tum  well  structures,9"’2  an  accurate  but  simple  model  is 
necessary  for  theoretical  predictions  and  explanation  of 
experimental  results.  ' 

A  new  formalism  of  the  Kronig-Penney  model,  which 
uses  the  transfer  matrix  technique  within  the  envelope- 
function  framework  is  developed  for  general  bases,  and  it 


TABLE  1.  Wave  equations  and  the  boundary  conditions  for  each  of  the  envelope-function  approxi¬ 
mations.  Those  functions  under  the  column  of  boundary  conditions  are  continuous  throughout  the  su¬ 
perlattice  layers,  and  are  used  for  P |  and  Tj  in  Eq.  (II. 


Wave  equation 


Boundary  conditions 

r„r, 


Effective  mass 


*-  i Hz )’ 

(E-V,Mz)+2r  '=0 

2  m 


m 


Two  hand 


iE~V.Wz)+\P:  -pr—rtlAzY  '  =  0 


Three  band  (E-  P,)tMz)  +  \P:  1  ~7T  +  TT-^TT  ‘  =  0  tHr),  iil)' 
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reduces  to  the  earlier  classical  and  modified  Kronig- 
Penney  models  for  simple  structures  in  a  simpler  and 
more  systematical  way  as  far  as  the  matching  of  bound¬ 
ary  condition  is  concerned,  isolated  quantum  wells  of  an 
arbitrary  potential  profile  can  be  calculated  using  the 
transfer  matrix  method  as  a  special  case  of  the  superlat¬ 
tice,  namely,  with  a  very  thick  barrier  between  the  bases.5 
In  Secs.  II  and  III,  we  describe  the  new  Kronig-Penney 
models,  beginning  with  a  general  theory,  following  by  im¬ 
plement  of  envelope-function  approximations,  in  which 
different  potential  profiles  are  taken  into  account.  Finally 
a  comparison  of  the  three  different  commonly  used  mod¬ 
els  is  made.  In  Secs.  IV  and  V,  the  new  treatise  is  applied 
to  a  few  superlattice  structures  having  various  superlat¬ 
tice  bases,  which  are  important  in  fundamental  quantum 
physics  and  device  applications. 


The  above  itatemenu  illustrate  the  wall-known  Bloch 
theory  since  from  Eq.  (3)  rt(x  -+*</ )»e ). 

Expanding  the  2X2  determinant  det(S— A/)=0  from 
Eq.  (3),  the  superlattice  dispersion  relation  can  be  ob¬ 
tained.  The  summation  of  the  two  roots  of  A.  is 

Sn+Sn=ei*l+e-i«i=2co!iqd  , 
and  the  dispersion  relation  becomes 

cos<?</  =  }(Sn+S22)  .  (4) 

The  superlattice  wave  functions  are  the  eigenfunctions 
in  Eq.  (3).  The  ratio  of  T t  and  T2  at  an  arbitrary  point  z0 
is 

rl(z0)_  s,2 

r2u0>  a-s„  • 


II.  GENERAL  THEORY 

The  transfer  matrix  technique  was  employed  by  Vassell 
et  al.  for  calculating  the  transmission  coefficient  of  reso¬ 
nant  tunneling  structures.13  It  is  briefly  reviewed  here. 
Assuming  that  there  are  n  layers  in  a  tunneling  structure 
with  an  active  length  L,  the  final  wave  function  T  <z=L) 
and  the  initial  wave  function  F  (z=0)  have  the  relation 

r  (z  =  I)=Sr  (z=0)  ,  (1) 


where 


r<z ) — 


r,(z) 

r2(z) 


is  a  2X1  matrix,  with  r,(z)  representing  the  envelope 
function  and  T2(z)  the  derivative  of  P,(z)  times  a 
coefficient  such  that  T2(z)  is  continuous  throughout  the 
active  layer.  f2(z)  depends  on  the  kind  of  models  used 
and  are  listed  in  Table  I  under  the  column  of  boundary 
conditions.  The  2X2  transfer  matrix  5  is  given  by 
S=5,Sa_  |  S  |.  Each  of  its  multiplicand  5,'s  is  the 
transfer  matrix  of  the  /th  single  layer,  and 
S,«[rmIx-I,>,  rm(z*L,)),  where  r"’{z),ra’(z) 
are  two  particular  solutions  of  P  with  initial  boundary 
conditions  P,n  (z  =0)=(q>  and  r,J*  (z=0)  =  (°),  respec¬ 
tively.  The  thickness  of  the  t'th  layer  is  given  by  L,. 

When  applying  to  superlattices,  the  transfer  matrix  S 
should  be  for  one  period  of  the  superlattice  layers  or  the 
superlattice  basis,  and  is  obtained  by  multiplying  the 
transfer  matrices  of  each  single  layer  in  the  basis.  If  d  is 
the  period  of  the  superlattice  or  the  length  of  the  basis, 
one  has 


nz+d)=Snz)  and  nz  +  nd)  =  5T(z)  .  (2) 

The  eigenvalues  of  S  are  obtained  by  solving 

nz+d)=snz)=A/nz) .  <3) 


The  wave  function  at  z,  can  be  constructed  from  an  ini¬ 
tial  point  z0  by 


r(z=z,)=S(z,.z0)nz=z0) 


~S(zuZ0) 


S\i 

A— S,| 
1 


X  const  , 


(6) 


where  5(|,S|2  are  the  elements  of  S(</+z0,z0)  and 
S(zitz0)  is  the  transfer  matrix  from  z«  to  Z|.  Although 
there  are  two  wave  functions  for  A=eiffrf,  their  absolute 
values,  i.e.,  the  square  root  of  probability  densities,  are 
equal. 

In  the  derivations  below  GaAs/AlxGa|_xAs  will  be 
taken  as  an  example.  All  the  energy  levels  are  referenced 
to  the  valence-band  maximum  in  GaAs. 


III.  IMPLANTATION  OF  THE 
ENVELOPE-FUNCTION  APPROXIMATIONS 


A.  One-band  effective-mass 
Kronig-PcRMey  model 


For  the  effective-mass  model,  the  wave  equation  of  the 
conduction-band  envelope  function  from  Table  I  can  be 
reduced  to 


\l>"(z)+kJWz)= 0,  (7) 

where  k2=(2m*/fi2)(E—  V,),  and  all  the  notations  are 
defined  in  Table  II.  For  a  constant  potential,  V,  is  a  con¬ 
stant.  If  T  is  chosen  to  be 


(8) 


then  the  transfer  matrix  after  solving  the  two  particular 
solutions  r"’(z )  and  r(2,(z )  becomes 


As  n  —  ±  w ,  the  limit  of  S"  should  exist,  and  this  implies 
|A|  =  I  for  an  oscillatory  wave  solution.  Considering  also 
translational  symmetry,  acceptable  values  of  A  are 
k-ez'qd,  which  define  the  superlattice  wave  vector  q. 


5  = 


cosAz 


m *  .  , 
—j—s\nkz 


- sinkz  cos  kz 

m  * 


(9) 


TABLE  ll.  Notations  and  band  parameters.  The  0.6:0.4  rule  is  used  Tor  the  band  offset  in  the  con* 
duction  and  the  valence  bands.  AI0)G*ojAs  is  used  Tor  the  barrier,  and  AloiOao<As  is  used  for  the 
second  barrier  in  a  step-well  basis. _ — — — — = 

Notations 


m,, 
m  * 

m  *(z ) 
£gii 

Ec(z> 

tl' 

E 

y,iz  i 
V,[z) 
F0(z> 


p 2 
A 


Free  electron  mass 

The  effective  mass  of  GaAs 

The  effective  mass  at  z,  m  *  =0.0671 1  —  x  1+0. 15x  for  AI.Ga^As 
Energy  band  gap  of  GaAs 

Energy  band  gap  of  AI.Gai-.As,  Ec  =  1.519  —  5.405X  10'47',/7‘+204  +  1.247.x 
Conduction-band  envelope  function 

The  electron  energy  when  transverse  wave  vectors  are  zeros,  i.e.,  k,=kr  =  0 
The  conduction-band  minimum  at  z  referred  to  the  valence-band  maximum  of  GaAs 
The  light-hole  band  maximum  at  z  referred  to  the  valence-band  maximum  of  GaAs 
The  slit-off  band  maximum  at  z  referred  to  the  valence-band  maximum  of  GaAs 


3* 

4 

£ 

2 


I 

m  o 
1 


_  J_ 

m„ 

I 

m0 


Eco  for  two-band  model 
£CO(£CO+A) 


£Co+2/3A 


for  three-band  model 


The  split-off  band  maximum  to  the  light-hole  band  maximum  in  GaAs;  A— 0.35 


If  k2>0,  the  energy  E  is  above  the  barrier  V,,  and  physi¬ 
cally  it  is  an  oscillatory  wave  solution.  While  for  k2< 0, 
it  is  an  evanescent  wave  solution.  Equation  (9)  is  still  val¬ 
id  if  one  substitutes  k—it c  and  uses  the  equalities, 
cos/fcz=cosh<cz  and  sinixz  =  /sinh*z.  Using  Eq.  (4),  one 
may  easily  verify  that  for  the  superlattice  with  a  simple 
basis  consisting  of  A  and  B  layers,  with  layer  thicknesses 
La  and  Lb ,  respectively,  the  dispersion  relation  is 


cosq[LA  +  LB)=zcoskALAcoskBLB 


B+ 


0 


$\nkALAs\nkBLB  ,  (10) 


where 


0= 


kB  m*A 


kA  = 


(E-V1A) 


i  n 


and 


2m  S 


■IE-V,t) 


1/2 


For  a  tilted  potential,  as  in  the  case  of  applied  field, 
F,(z  )=  F,  -efz,  Eq.  (7)  can  be  changed  to 

V  (£)-£#£)»(),  Ul) 


with 


s=- 


2  m'eF 


i/j 


z  + 


E-V, 

eF 


r= 


MS) 


2  eF 


fim 


*2 


l/J 


msy 


(12) 


where  m*  is  the  average  value  through  the  interesting 
layer.  The  transfer  matrix  is  found  to  be 


Sn-irlWoM/W-W 

•i/j 


S,2  =  r 


2  eF 


*2 


S2l~~rr 


2  eF 


fi2m 


•  2 


I/J 


i 

IWoM/W 


-AiWM)) 

Su^-irlBMoUiW-AtMBKS)), 


(13) 


where  £0=£(z=0)  and  At  and  are  two  linearly  in¬ 
dependent  Airy  functions,14  which  are  solutions  of  Eq. 
(11). 

In  reality,  the  potential  profile  within  one  monolayer 
(one  layer  of  As  atoms  and  one  layer  of  Ga/Al  atoms)  is 
linear  due  to  the  discreteness  in  crystal  growth.  Thus  an 
arbitrary  potential  profile  in  the  basis  can  be  approximat¬ 
ed  by  a  piece-wise  linear  potential.  For  this  case,  the 
basis  is  divided  into  several  layers.  Each  one  has  either  a 
constant  or  tilted  potential.  The  smallest  possible 
division  is  the  length  of  the  monolayer.  The  procedure 
follows  that  first  the  transfer  matrix  in  each  divided  layer 
is  found,  then  the  total  transfer  matrix  is  given  by  multi¬ 
plying  all  these  transfer  matrixes.  Finally  the  dispersion 
relation  is  obtained  by  Eq.  (4). 


and  Eq.  (8)  is  also  changed  to 


1  =  0" 


>,(z ) 

Xx{z) 

*j(z) 

i=0* 

X2(x) 

r,(z) 
r:ui 

where 

I*.  I 


0  0 


(22) 


is  •  2X1  wave-function  matrix  for  the  X  minimum, 
analogous  to  T  in  Eq.  (1).  The  coupling  coefficient  a  hav¬ 
ing  a  typical  value  0.1  eV  A  characterizes  the  intervalley 
transfer  potential  as  discussed  in  Ref.  19.  If  Sr  and  Sx 
■  are  denoted  for  the  uncoupled  transfer  matrices  for  the  T 
.  and  X  minima,  respectively,  and  the  notations 

t 

Srx~Sxr  = 

< 

\ 

;are  used,  then  the  4X 1  wave  function  ( x )  after  advancing 
•  one  single  layer  L,  has  the  relation 


0  G 


r 

Sr 

$rx 

r 

X 

j  +  z, 

Sat 

$x 

X 

(23) 


where  the  transfer  matrix  Siz  +  L^z)  becomes  a  4X4 
matrix.  The  allowed  minibands  occur  at  the  energies 
•where  the  eigenvalues  of  S(z+d,  z)  have  absolute  values 
‘equal  to  one.  Our  calculation  for  AlAs/GaAs  superlat- 
tices  shows  that  for  a  <0.1,  the  miniband  structures  are 
.'similar  to  the  uncoupled  ones.  The  coupling  comes  into 
iplay  when  o»0. 1  and  when  there  is  large  overlap  be¬ 
tween  the  uncoupled  T  and  X  minibands.  The  effect  of 
strong  coupling  is  to  diminish  the  original  uncoupled 
minibands  because  electrons  lose  energy  in  transferring 
between  the  T  and  X  minima  via  the  overlapped  mini¬ 
bands. 


D.  Comparison 

The  miniband  energies  versus  well  thickness  are  shown 
in  Figs.  1(a)- 1(c)  for  these  three  models,  respectively. 
*The  barrier  width  is  fixed  to  be  31  A  (or  11  monolayers). 
The  band  parameters  we  used  are  again  listed  in  Table  II. 
The  general  trend  for  all  the  three  models  is  that  the 
miniband  energies  decrease  as  the  width  of  the  well  in¬ 
creases.  Also  the  lower  the  miniband  energies  are,  the 
smaller  their  bandwidths  become  due  to  higher  barriers. 
The  two-band  and  three-band  models  give  the  same  result 
in  predicting  the  minibands  for  the  AlGaAs  system  while 
the  effective-mass  model  predicts  too  high  the  energy 
when  the  well  is  wide. 

.'  In  contrast,  the  miniband  versus  barrier  width  of  a 

•  , 
constant  well  width  of  130  A  is  shown  in  Fig.  2  It  indi¬ 
cates  that  the  miniband  location  is  a  strong  function  of 
the  well  width  while  the  miniband  bandwidth  is  a  strong 
function  of  the  barrier  width  in  this  case.  The  minibands 
become  discrete  energy  levels  as  the  barrier  become  very 


FIG.  1.  The  miniband  energies  vs  well  width  by  (a)  effective- 
mass  model,  (b)  two-band  model,  and  (c)  three-band  model  at  77 
K.  The  barrier  width  is  fixed  to  31  A,  corresponding  to  11 
monolayers.  Shaded  areas  indicate  the  allowed  minibands.  The 
mimband  energies  fall  when  the  well  width  increases.  The  entt- 
gies  of  the  two  band  or  three  band  arc  lower  than  those  of  the 
effective-mass  model.  The  differences  of  th.  two- band  and 
three-band  models  are  very  small. 


FIG.  2.  The  miniband  energies  vs  barrier  width  by  effective* 
mass  model  at  77  K.  The  well  width  is  fixed  to  130  A,  corre¬ 
sponding  to  46  monolayers.  The  miniband  width  decreases 
when  the  barrier  width  increases  while  the  center  of  the  mini¬ 
band  is  basically  unchanged.  As  the  barrier  becomes  very  thick, 
the  minibands  of  the  superlattice  approach  discrete  energy  lev- 
els  of  isolated  quantum  wells. 


thick  in  the  quantum  wells  limit. 

The  advantage  of  the  two-band  or  three-band  model  is 
that  it  includes  the  nonparabolicity  of  the  bands  while  the 
limitation  is  that  the  momentum  matrix  element  P  should 
be  a  constant  throughout  the  superlattice.7  We  have 
fitted  P  to  the  effective  mass  of  GaAs  but  it  is  not  accu¬ 
rate  for  AIGaAs.  The  accurate  determination  of  the 
mini-bands  location  is  limited  by  many  factors,  such  as 
the  error  in  the  choice  of  the  percentage  of  band  offset, 
the  inclusion  of  the  transverse  part  of  the  energy,  and  the 
uncertainty  in  determining  the  alloy  compositions  and 
well-barrier  thickness.  By  and  large,  the  trend  is  the 
same  and  there  is  little  difference  in  the  result  for  all  the 
three  models  used  here.  The  effective-mass  model  is  used 
for  the  following  calculations. 


IV.  APPLICATION  TO  SINGLE-WELL  BASIS 

A.  Parabolic  quantum  well 

Although  the  parabolic  well  is  usually  the  building 
block  of  the  doping  superlattices  or  n -/•/>*», 20  the  growth 
of  it  by  grading  the  alloy  composition  is  also  possi- 
ble.,UUJ  Theoretical  calculations  for  a  parabolic  well 
under  an  applied  electric  field  were  done  analytically27  or 
numerically^1  just  recently.  Using  our  method,  the  mini¬ 
bands  of  a  supcrlattice  made  of  parabolic  basis  are  shown 
in  Fig.  3.  Also  shown  are  the  minibands  of  the  n-i-p  i 
structure  which  has  a  constant  effective  mass  otherwise 
the  same  potential  in  the  conduction  band.  Our  new 
model  is  especially  useful  when  the  earner  injection  needs 
to  be  considered  as  in  n-i-p-i  structures  for  current  con 
trolled  band  tunning  applications.20 


FIG.  3.  Comparison  of  the  minibands  of  the  same  parabolic 
well.  The  dotted  lines  indicate  edges  of  the  minibands  for 
n-i'p-i,  which  has  a  constant  effective  mass,  and  the  solid  lines 
are  for  the  compositionally  gradeds  well  whose  effective  mass  is 
changing  with  the  barrier  height.  The  maximum  barrier  height 
is  AI0.jGa0.7As.  The  barrier  between  each  basis  is  28  A  of  the  1 
Al0  )Gao.7As,  corresponding  to  10  monolayers. 


B.  Triangular  well 

The  miniband  energies  in  a  rectangular-well  superlat¬ 
tice  can  be  simply  estimated  as  E„  ccn1,  where  n  denotes 
the  nth  miniband.  iFor  the  applications  of  band-aligned 
superlattices(BAS),10  sometimes  it  is  necessary  to  use  a 
different  kind  of  superlattices  in  order  to  provide  a  mini¬ 
band  discontinuity.  This  dissimilar  superlattice  has  the 
miniband  energy  where  a  <2.  The  parabolic 

well  in  the  previous  case  has  o»l.  Another  example  is 
the  triangular  well  with  a  <  1  as  shown  in  Fig.  4.  The 
bandwidth  of  the  triangular  well  superlattice  decays  fas¬ 
ter  than  the  parabolic  well  or  the  rectangular  well  since 
the  barrier  increases  very  fast.  Also  the  ground-state 
band  has  higher  energy  than  the  other  wells  due  to  the 
narrowing  toward  the  bottom  of  the  well. 

It  should  be  noted  that  the  channel  of  the  high- 
electron-mobility  transistor  (HEMT)  is  often  approximat¬ 
ed  as  a  triangular  potential  well.  The  exact  calculation  of 
the  energy  levels  is  possible  in  our  treatise  to  include  dop¬ 
ing  and  the  carrier  accumulation  effects  on  the  potential 
shape. 

C.  Step-well  superlattice 

The  step- well  shown  in  the  inset  of  Fig.  5  also  falls  into 
the  superlattice  group  with  a  <2.  With  the  change  of  the 
alloy  composition  and  the  width  of  the  well,  the  step  well 
is  more  flexible  than  the  parabolic  well  or  triangular  well 
in  the  BAS  application.  Our  recent  calculation  also 
shows  that  the  step  quantum  well  has  large  intersubband 
Stark  shift  in  that  the  energy  levels  in  the  small  and  big 
wells  have  different  dependence  on  the  electric  field.  A 
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FIG.  4.  The  minibands  of  a  triangular-well  superlattice.  The 
structure  of  a  triangular-well  superlattice  is  shown  in  the  inset. 
The  maximum  barrier  height  is  Al0  )Ga<>  iAs.  The  barrier  be¬ 
tween  each  basis  is  28  A  of  the  Al0  jGao7As,  corresponding  to 
10  monolayers.  The  gaps  between  minibands  are  decreasing  to¬ 
ward  the  top  of  the  barrier. 


plot  of  E-k  dispersion  relation  is  shown  in  Fig.  5  for  the 
rectangular  well,  parabolic  well,  triangular  well,  and  step 
well,  respectively,  where  the  lower  bands  are  deliberately 
.  chosen  to  be  aligned,  thus  a  miniband  discontinuity  is 
formed  for  the  upper  band.  The  triangular  well  and  step 
well  have  the  most  desired  features. 


FIG.  5.  Comparison  of  the  E-k  dispersion  relation  for  the 
rectangular  well,  parabolic  well,  triangular  well,  and  the  step 
well.  The  structures  are  shown  in  the  inset.  The  barrier  and 
well  widths  used  in  the  calculation  are  40  A,  62  A,  for  the  rec¬ 
tangular  well;  40  A.  74  A  (the  second  barrier),  34  A  for  the  step 
well;  |4  A,  246  A  for  the  triangular  well;  and  28  A,  116  A  for 
the  parabolic  well,  respectively.  We  assume  Alo  )Ga<)  jAs  for 
the  barrier  and  Al0  ,Ga<i«As  for  the  second  barrier  of  the  step 
well.  The  lower  minibands  are  deliberately  chosen  to  be 
aligned.  The  upper  minibands  of  the  triangular  well  and  the 
step  well  are  the  lowest 


V.  APPLICATION  TO  MULTIPLE-LAYER  BASIS 

A.  Two-well  coupling 

The  coupling  of  two  quantum  wells  is  found  to  have 
more  energy  levels  than  the  single  quantum  well  of  the 
same  dimensions.”  Large  Stark  shift  has  been  found  in 
coupled  quantum  wells.’,Jt,J7  Our  theoretical  calculation 
of  the  minibands  is  shown  in  Fig.  6  for  a  superlattice 
basis  consisting  of  two  rectangular  wells,  one  of  the  well 
widths  is  fixed  (90  A )  and  the  other  varied.  Compared  to 
Fig.  1(a),  it  is  clear  that  in  the  two-well  case  the  mini¬ 
bands  are  mixed  from  those  of  its  original  wells.  The  two 
horizontal  bands  in  Fig.  6  indicate  the  energy  levels  for 
the  90  A  well.  While  the  four  falling  bands  are  the  mini¬ 
bands  of  the  variable  well.  The  miniband  bandwidth  is 
narrow  in  this  case  because  the  other  well  acts  as  a  bar¬ 
rier  when  one  looks  from  one  well. 

B,  Band-aligned  basis 

The  cross  points  in  Fig.  6  are  where  the  minibands  of 
the  two  wells  are  aligned.  The  first  cross  point  occurs 
when  the  varied  well  width  is  25  A,  where  its  onty  mini¬ 
band  is  aligned  with  the  upper  miniband  of  the  90  A  well. 
The  aligned  bands  have  much  larger  bandwidth  than  the 
nonaligned  bands  which  are  bound  states  in  natural,  since 
the  nonsymmetrical  well  acts  as  a  barrier  for  the 
nonaligned  minibands. 

One  application  of  the  band-aligned  basis  is  to  use  the 
bound  state  to  miniband  transition  which  has  a 
significant  effect  in  improving  the  dark  current  for  the 
photo  detectors.17  The  major  advancement  in  using  in¬ 
tersubband  transition  for  8- 12  /xm  detection  is  the  reduc¬ 
tion  of  dark  current.71,79  If  thicker  barriers  are  used,  the 


FIG.  6.  The  minibands  of  a  superlattice  with  the  basis  con¬ 
sisting  of  two  coupled  wells.  One  of  the  well  is  fixed  to  be  90  A, 
and  the  other  is  changed  as  a  parameter.  The  two  barriers  in 
the  basis  are  fixed  to  be  31  A.  It  superimposes  the  minibands 
originated  from  each  well.  As  the  bands  cross  over,  band  align¬ 
ment  occurs,  but  are  soon  split  off. 


* 


photocurrent  will  decrease  due  to  the  same  reason  of  a 
low  dark  current.  The  employment  of  band-aligned  basis 
will  reduce  the  dark  current  because  of  the  bound-state 
nature  of  the  lower  nonaligned  band  while  the  conduc¬ 
tivity  is  large  in  the  upper  aligned  band. 

Another  application  of  the  band-aligned  basis  is  the 
tunning  of  the  mobility  or  the  effective-mass  ratio  of  the 
upper  to  the  lower  miniband.  The  effective  mass  m,  of 
the  miniband  is  related  to  the  miniband  bandwidth  B  by 
m.  -2ft2 /Bdl,  where  d  is  the  length  of  the  basis.  This  re¬ 
lation  is  easily  obtained  by  taking  the  second  derivative  of 
the  miniband  dispersion  relation  £  =  £0  +  yi?  cosqd. 
Thus  for  a  band-aligned  basis,  the  effective-mass  ratio  of 
an  aligned  band  to  the  bound  state  is  significantly 
different  from  the  conventional  structures.  For  the 
rectangular-well  superlattice  the  bandwidth  ratio  for  the 
second  band  to  the  ground  band  is  on  the  orders  of  5- 10, 
but  for  the  case  of  band-aligned  basis,  it  can  be  more  than 
103.  To  reduce  this  bandwidth  ratio,  one  may  choose  to 
align  to  the  lower  band  instead  of  the  upper  band.  An  ex¬ 
ample  is  shown  in  Figs.  7(a)  and  7(b)  for  the  band  align¬ 
ment  in  the  upper  and  the  lower  bands,  respectively.  The 
bandwidth  ratio  is  about  unity  in  the  latter. 

C.  Perturbation  of  degenerate  states 
in  quantum  wells 

The  crosspoints  in  Fig.  6  reveal  that  the  bands  only 
align  in  one  point;  beyond  that  point  of  the  well  width  the 


(o)  Alignment  in  the  upper  bond 
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(b)  Alignment  in  the  lower  bond 
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FIG.  7.  Structures  of  band-aligned  bases;  alignment  can  be 
done  either  (a)  in  the  upper  band  or  (b)  in  the  lower  band.  In 
(a',  the  widths  of  the  two  coupled  wells  are  90  A,  25  A,  respec¬ 
tively  The  barrier  width  is  31  A.  In  (b),  the  basis  consisting  of 
a  step  well  and  a  rectangular  well.  The  alloy  compositions  and 
the  layer  widths  are  0  3, 0  1.0,0  3,  and  0  and  31  A.  42  A,  31  A, 
31  A  and  45  A.  respectively  The  bandwidth  in  the  lower  band 
is  about  equal  to  that  in  the  upper  band. 


Width  ol  the  varied  barrier  tA) 

FIG.  8.  The  demonstration  of  perturbation  of  two  degenerate 
minibands  in  the  superlattice.  The  basis  consists  of  two  identi¬ 
cal  wells  with  width  90  A,  one  fixed  barrier  with  a  31  A  width 
and  the  other  barrier  with  varied  width  as  a  parameter.  The 
original  miniband  has  split  into  two  because  of  the  perturbation. 


aligned  bands  will  split  into  two.  The  same  energy  tends 
to  repel  one  from  the  other. 

For  further  investigations,  the  two  coupled  well  basis  is 
again  used  as  an  example.  This  time  the  two  wells  arc 
identical,  with  one  variable  barrier  width.  As  shown  in 
Fig.  8  the  original  states  of  either  of  the  wells  have  two 
minibands,  the  lower  one  is  31-39  meV  and  the  upper 
one  is  119-151  meV.  The  variable  barrier  perturbs  the 
degenerate  states  and  each  of  the  minibands  will  split  into 
two. 


Width  oi  ihc  vjjicd  well  (A) 


FIG.  9.  The  miniband  structures  of  a  basts  with  three  cou¬ 
pled  wells.  Two  of  the  wells  are  identical  and  fixed,  with  the 
other  changed.  The  fixed  wells  have  a  width  of  90  A.  All  the 
barriers  are  fixed  to  be  31  A.  The  band  structures  result  from 
superpositions  of  all  the  minibands  originated  from  the  single 
well  basis,  with  the  repulsion  effect  taken  into  consideration. 
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0.  Multiple  well  coupling 

Physically,  the  miniband  structures  of  a  multiple  layer 
basis  can  be  treated  as  a  mixture  or  superposition  of  the 
states  originated  from  the  single-well  basis,  with  the  per¬ 
turbation  taken  into  account  if  the  energy  levels  are  too 
close  to  each  other.  The  wave  functions  arc  oscillatory  in 
its  own  original  well  and  decaying  in  all  the  other  wells 
and  barriers.  In  the  case  of  three-well  coupling,  we 
choose  two  identical  wells  and  one  varied  well  as  shown 
in  Fig.  9.  Each  of  the  original  minibands  of  the  identical 
wells  split  into  two  bands  because  the  varied  well  is  a  per¬ 
turbation  for  the  degenerate  minibands,  otherwise  all  the 
bands  retain  their  original  shapes. 

VI.  CONCLUSION 

In  the  first  part  of  the  paper,  a  new  formalism  of  the 
,'Cronig-Penney  model  has  been  developed  which  incorpo- 
tttes  the  transfer  matrix  technique  and  the  envelope- 
function  approximations.  This  new  approach  has  several 
advantages  over  the  other  methods.  First,  its  formalism 
by  transfer  matrix  is  much  easier  and  more  systematic 
than  the  conventional  Kronig-Penney  model  as  far  as  the 
boundary  condition  matching  is  concerned.  Second,  it 
can  calculate  for  complicated  multiple  layer  bases  and  ar¬ 
bitrary  potential  profiles  result  from  change  of  alloy  com¬ 
position,  doping  or  carrier  accumulation.  Third,  it  is  ac¬ 
curate  and  without  excessive  computation  cost  since  the 


effective-mass  difference,  nonparabolicity  and  band  cou¬ 
pling  of  the  bulk  bands  are  included  by  the  envelope 
function  in  a  natural  way. 

In  the  second  part  of  the  paper,  our  new  approach  is 
applied  to  some  specific  superlattice  bases.  The  finite 
parabolic  well  case  is  solved  in  a  simpler  and  more  accu¬ 
rate  way.  The  triangular  well  and  step  well  which  belong 
to  the  superiattices  with  En  a.na%a  <2,  which  are  useful 
in  the  BAS  applications  can  also  be  easily  worked  out. 
The  minibands  of  a  superlatticc  with  the  basis  consisting 
of  multiple  layers  can  be  considered  as  a  superposition  of 
all  the  minibands  originated  from  their  simple  single-well 
basis,  with  the  repulsion  effect  taken  into  account.  The 
method  offered  to  us  explains  readily  the  coupling  of 
wells  in  the  basis  for  tunning  the  energy  levels.  The  split¬ 
ting  of  minibands,  the  band-aligned  basis,  the  overlapping 
of  the  wave  functions  originated  from  different  wells,  and 
the  effective-mass  tunning  in  superiattices  are  among  the 
examples. 

ACKNOWLEDGMENT 

The  authors  are  indebted  to  Dr.  J.  Schulman  in  the  dis¬ 
cussion  of  the  envelope-function  approximations.  The 
discussions  with  Dr.  R.  Karunasiri  and  Mr.  Y.  Mii  are 
also  helpful.  This  work  is  supported  in  part  by  Office  of 
Naval  Research,  Army  Research  Office,  and  Semiconduc¬ 
tor  Research  Corporation. 


jLeo  Esaki,  IEEE  J.  Quantum  Electron.  QE-22, 161 1  (1986). 

Jl.  Esaki  and  R.  Tsu.  IBM  J.  Res.  Dev.,  Jan.  1970,  p.  61. 

JG.  Bastard,  Phys.  Rev.  B  24.  5693  (1981). 

*G.  Bastard  and  J.  A.  Brum,  IEEE  J.  Quantum  Electron. 
QE-22, 1625(1986). 

-®G.  Bastard,  in  Molecular  Beam  Epitaxy  and  Htterostruciurts, 
Vol.  87  of  NATO  Advanced  Study  Institute  Series  E,  edited  by 
L.  L.  Chang  and  K.  Ploog  (Martinus  Nijhoff,  Dordrecht, 
1985),  pp.  381-423. 

*E.  0.  Kane,  J.  Phys.  Chem.  Solids  1, 249  (1957). 

^Joel  N.  Schulman,  Mater.  Res.  Soc.  Symp.  Proc.  56, 279  (1986), 
‘Hung-Sik  Cho  and  Paul  R.  °'ucnai.  Phys.  Rev.  B  36,  3237 
(1987). 

*H-  Q.  Le.  J.  J.  Zayhowski,  and  W.  D.  Goodhue,  Appl.  Phys. 
Lett.  50.  1518  0  987). 

,(>Perng-fei  Yuh  and  K.  L.  Wang,  Appl.  Phys.  Lett.  51,  1404 
(1987). 

-'Susanta  Sen,  Federico  Capasso,  Arthur  C.  Gossard,  Richard 
A.  Spah,  Albert  L.  Hutchinson,  and  S.  N.  G.  Chu,  Appl. 
Phys.  Lett.  51,  1428  0987). 

IJK.  K.  Choi,  B.  F.  Levine,  C.  G.  Bethea,  J.  Walker,  and  R.  J. 

Malik,  Phys.  Rev.  Leu.  59,  2459  09871. 

IJM.  O.  Vassell,  Johnson  Lee,  and  H.  F.  Lockssood.  J.  Appl. 
Phys.  54,  5206  0  983). 

Handbook  of  Mathematical  Functions,  edited  by  M. 
Abramowit?  and  1  A.  Stegun  (National  Bureau  of  Standards, 
Washington.  D  C  .  !9t>4i 


,5I.  Hase,  H.  Kawai,  K.  Kaneko,  and  N.  Watanabe,  J.  Appl. 
Phys.  59,  3792  0986). 

,6E.  E.  Mendez,  W.  1.  Wang,  E.  Calleja,  and  C.  E.  T.  Goncalves 
da  Silva,  Appl.  Phys.  Lett.  50. 1263  0987). 

"A.  C.  Marsh,  IEEE  J.  Quantum  Electron.  QE-"23, 371  0987). 
••A.  R.  Bonnefoi  and  T.  C.  McGill,  Phys.  Rev.  B  37,  8754 
(1988). 

1, H.  C.  Liu,  Appl.  Phys.  Lett.  51.  1019  (1987). 

20Gottfried  H.  Dohler,  IEEE  J.  Quantum  Electron.  QE-22, 
1682  0986). 

J,R.  C.  Miller,  A.  C.  Gossard.  D.  A.  Klcinman,  and  O.  Mun- 
teanu,  Phys.  Rev.  B  29,  3740  0984). 

22S.  Y.  Chou  and  J.  S.  Harris,  Jr.,  Appl.  Phys.  Lett.  52,  1422 
(1988). 

2, R.  P.  Karunasiri  and  K.  L.  Wang,  Superlatt.  Microstruct.  (to 
be  published). 

24Yang  Chu-liang  and  Yang  Qing,  Phys.  Rev.  B  37, 1364  0  988). 
25Herbert  Kroemer  and  Hiroshi  Okamoto,  Jpn.  J.  Appl.  Phys. 
23,  970  0984). 

2oY.  J.  Chen.  Emil  S.  Koteles,  B.  Elman,  and  C.  A.  Armiento, 
Mater.  Res.  Soc.  Symp.  Proc.  102,  571  0  988). 

-’Perng-fci  Yuh  and  K.  L.  Wang.  Phys.  Rev.  B  38.  8377  0988). 
2*B.  F.  Levine.  K.  K.  Choi,  C.  G.  Bethea.  J.  Walker,  and  R.  J. 
Malik.  Appl.  Phys.  Lett.  50.  1092  (1987). 

K.  Choi,  B.  F.  Levine,  C  G.  Bethea.  J.  Walker,  and  R.  J. 
Malik,  Appl.  Phys.  Lett.  50,  1814  0987). 


Growth  and  characterization  of  Ge/Si  strained-layer  superiattices 

S.  J.  Chang,  C.  F.  Huang,  M.  A.  Kallel,  and  K.  L.  Wang 

Device  Research  Laboratory,  Electrical  Engineering  Department,  University  of  California,  Los  Angeles, 
California  90024 

R.  C.  Bowman,  Jr.  and  P.  M.  Adams 

The  Aerospace  Corporation,  P.  0.  Box  92957,  Los  Angeles,  California  90009 

(Received  8  July  1988;  accepted  for  publication  30  August  1988) 

Ultrathin  Ge/Si  strained-layer  superiattices  (SLS’s)  with  periodicities  of  a  few  monolayers 
have  been  successfully  grown  and  characterized  by  Raman  scattering  spectroscopy.  Structures 
with  alternating  Ge  and  Si  layers  were  grown  on  Si  substrates  of  different  orientations.  A  thick 
200  nm  Geo4Si06  buffer  layer  was  grown  prior  to  the  growth  of  the  superlattice  to  make  the 
strain  distribution  of  the  superlattice  symmetrical  and  thus  to  maintain  the  pseudomorphic 
growth  of  the  superiattices.  Folded  acoustic  phonon  peaks  observed  from  these  Ge/Si  SLS 
samples  can  be  used  to  determine  the  superlattice  periodicity.  The  observed  optical  phonon 
frequencies  were  found  to  depend  strongly  on  superlattice  periodicity.  A  quantitative 
interpretation  of  this  phenomenon  was  presented.  Subsequent  annealing  of  these  samples 
reveals  that  the  transition  from  pure  Ge  and/or  Si  layers  to  Ge_,Si,  _x  alloy  becomes  more 
pronounced  as  the  annealing  time  and  temperature  increase. 


Recently,  much  attention  has  been  focused  on  Ge/Si 
strained-layer  superiattices  (SLS’s),  both  theoretically 
and  experimentally,5,6  due  to  their  unusual  optical  and  elec¬ 
trical  properties.  Howcv  cr,  due  to  the  large  4.2%  lattice  mis¬ 
match  between  Ge  and  Si,  pure  Ge  can  only  be  commensu- 
rately  grown  on  a  Si  substrate  up  to  six  monolayers  ( ~0.9 
nm).6  In  order  to  have  a  larger  superlattice  thickness, 
Kasper  et  al.  had  demonstrated  the  growth  of  symmetrically 
strained  Ge/Si  superiattices  using  an  appropriate  Ge,Si,  _  y 
buffer  layer.7  In  this  work,  we  studied  the  phonon  behaviors 
of  these  Ge/Si  SLS’s  as  well  as  the  interdiffusion  of  Ge  and  Si 
atoms  due  to  thermal  treatment. 

Samples  used  in  this  work  were  grown  in  a  Si  molecular 
beam  epitaxy  chamber  equipped  with  two  electron  beam 
evaporators  for  Si  and  Ge  separately,  a  quadrupole  mass 
spectrometer  for  residual  gas  analysis,  and  a  reflection  high- 
energy  electron  diffraction  (RHEED)  system  for  in  situ 
characterization  of  the  epifilm.  The  base  and  growth  pres¬ 
sures  were  ~  7-8x10“"  and  -5-9X 10“9  Torr,  respec¬ 
tively,  and  the  fluxes  for  Ge  and  Si  sources  were  monitored 
by  an  Inficon  Sentinel  III  deposition  controllor.  Prior  to 
loading  the  Si  substrates  into  the  chamber,  they  were  chemi¬ 
cally  precleaned  by  Shiraki’s  method.8  In  the  final  step,  a 
protective  thin  Si02  film  ( ~  1.5  nm)  was  grown  chemically 
in  a  solution  of  SHChlFLCLriHjO  for  10  min.  The  protec¬ 
tive  oxide  layer  was  then  removed  in  situ  by  the  Si  beam  at  a 
substrate  temperature  of  700  °C.  The  growth  temperature 
was  kept  at  400  "C,  and  the  growth  rate  was  2.75  xl0t4 
cm-2  s-1  for  Si  layers  and  2.2X  1014  cm-2  s"'  for  Ge  lay¬ 
ers.  RHEED  patterns  observed  from  the  top  Si  layers  of 
these  SLS  samples  indicate  good  epifilm  crystallinity. 

In  this  study,  Raman  experiments  were  performed  at 
room  temperature  with  near-backscattering  geometry.  Sam¬ 
ples  were  kept  in  vacuum  to  avoid  scattering  from  the  air. 
Various  lines  (457.9, 488.0, 514.5  nm)  of  an  argon  ion  laser 
were  used  for  excitation.  The  laser  light  was  focused  with  a 


cylindrical  lens  and  the  power  was  kept  under  75  mW  to 
prevent  sample  heating  and  any  possible  annealing  effect. 
Scattered  light  was  analyzed  with  a  Spex  1404  double 
spectrometer  and  an  EG&G  941  photon  counter. 

All  samples  used  in  this  study  have  a  thick  Ge^Sio,, 
buffer  layer  and  the  thickness  ratio  of  Ge  and  Si  layers  is 
dGe :  dSi  —  2:3.  Assuming  that  the  thick  buffer  layer  is  com¬ 
pletely  relaxed,  the  strain  on  Ge  and  Si  layers,  eGc  and  esi, 
could  be  calculated  to  be  —  2.4%  and  +  1.7%,  respective¬ 
ly.7  In  this  case,  the  strains  of  the  bilayer  cancel  each  other 
and,  as  long  as  the  thickness  of  each  layer  does  not  exceed  its 
critical  thickness,  no  dislocations  are  generated  at  the  super¬ 
lattice/buffer  interface.  Table  I  is  a  summary  of  the  samples 
used  in  this  work,  where  d„  is  the  nominal  superlattice  per¬ 
iods  and  dRS  is  the  superlattice  periods  obtained  from  Ra¬ 
man  scattering.  Figure  1  shows  the  Raman  spectra 
(A  =  514.5  nm)  of  samples  H38,  H41,  and  H56  all  with  the 
same  ( 100)  sample  orientation  but  with  different  superlat¬ 
tice  periods,  Broad  folded  longitudinal  acoustic  (LA)  phon¬ 
ons  were  observed  at  1 89, 97,  and  48  cm  “ 1  for  each  sample. 
However,  it  was  not  observed  for  sample  H52  with  d„  —  0.7 
nm  due  to  its  extremely  small  superlattice  period.  The  nature 
of  the  broad  folded  LA  peak  and  the  reason  that  it  is  unable 
to  resolve  the  LA  phonon  doublet9  is  probably  due  to  a  slight 
broadening  of  the  layer  interfaces  at  the  growth  tempera- 


TABLE 1  Summary  of  the  Ge/Si  SLS  samples  used  in  this  study.  AH  sam¬ 
ples  were  grown  with  a  200  nm  Geo  4  Sio  6  buffer  layer  and  with  the  Ge  and  Si 
thickness  ratio  ^g«  :^S4  —  2:3. 


Sample 

(A) 

ft) 

No.  of 
periods 

Substrate 

orientation 

H38 

14 

11.6 

150 

(100) 

H41 

28 

22.5 

120 

(100) 

H52 

7 

300 

(100) 

H56 

56 

45.4 

40 

(100) 
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FIG.  1.  Raman  spectra  of  samples  H38,  H41,  and  H56,  all  with  the  same 
( 100)  sample  orientation  but  different  superlattice  periodicities.  The  laser 
was  operated  at  514.5  nm. 


ture.  This  is  evidenced  from  the  observed  increase  of  folded 
LA  phonon  full  width  at  half  maximum  as  the  superlattice 
period  becomes  smaller. 

Following  Rytov’s  elastic  continuum  model  for  vibra¬ 
tions  in  layered  media,  we  can  calculate  d  Rs  by 10 

“'""’-“PS'MS1) 

(1) 

where  R  =  pSivSi/p0cvai;,  vQc,  vSi  are  the  sound  velocities 
and p0t,Psi  are  the  densities  of  Ge  and  Si,  respectively.  The 
values  of  d ^  obtained  from  Eq.  ( 1 )  are  listed  in  Table  I  and 
they  are  consistently  20%  smaller  than  expected  from  the 
growth  parameters.  The  optical  phonon  peaks  due  to  the 
vibrations  of  Ge-Ge,  Ge-Si,  and  Si-Si  pairs  are  also  observed. 
Ge-Si  vibrations  can  only  come  from  layer  interfaces,  since 
the  layers  are  pure  Ge  and  Si.  Samples  with  larger  periods 
(i.e.,  less  interfaces)  will  therefore  have  a  smaller  Ge-Si  Ra¬ 
man  signal,  as  observed  in  Fig.  1.  The  strain-induced  fre¬ 
quency  shifts  So  for  both  Ge-Ge  and  Si-Si  vibrations  could 
be  calculated  by 11 

8(0  —  ——  (*xx  +  (2) 

2 (o0  2o0 

where  co0  is  the  nonstrained  phonon  frequency,  ev  are  the 
components  of  the  strain  tensor,  and  p  and  q  are  phenomeno¬ 
logical  parameters.  For  samples  grown  on  ( 100)  substrates, 
the  optical  phonon  frequencies  for  Si  and  Ge  layers  in  this 
case  are  predicted  to  be  at  508  and  3 12  cm- ',  respectively.1 
However,  all  the  observed  frequencies  are  lower  than  their 
expected  values,  and  the  frequencies  for  samples  having  larg¬ 
er  periods  have  phonon  energies  closer  to  the  expected  val¬ 
ues.  This  can  be  explained  by  the  fact  that  the  Si  and/or  Ge 
atoms  at  layer  interfaces  see  two  neighboring  Si  atoms  and 
two  neighboring  Ge  atoms  such  that  the  local  bonding  is 
identical  to  a  Ge^io.,  alloy  12  Therefore,  samples  with 
smaller  periods  (i.e.,  more  interfaces)  will  have  more  atoms 
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FIG,  2.  Effective  Ge  fraction  x,  as  obtained  from  the  Ge-Ge  and  Si-Si  opti¬ 
cal  phonon  vibration  frequencies  of  the  Ge/Si  SLS.  Also  shown  are 
Kasper’s  data7  for  comparison. 


behaving  like  a  weakly  strained  alloy.  As  a  result,  the  smaller 
periodicity  samples  will  have  both  Si-Si  and  Ge-Ge  peak  fre¬ 
quencies  located  at  lower  energies.  Similar  trends  were  also 
observed  for  samples  grown  on  ( 1 10)  and  (111)  substrates. 
Using  Eq.  (2)  and  the  known  values  of  Ge-Ge  and  Si-Si 
Raman  energies  of  the  unstrained  GexSi,  _  x  alloy,13  we  can 
define  quantitatively  the  degree  of  alloy  mixing  of  these  Ge/ 
Si  SLS’s  by  the  effective  Ge  fraction  x  for  both  Ge-Ge  and  Si- 
Si  phonon  vibrations.  These  results  are  shown  in  Fig.  2.  Also 
shown  in  Fig.  2  are  Kasper’s7  data  for  comparison. 

Interface  mixing  due  to  Ge  and  Si  interdiffusion  was 
also  studied  by  annealing  the  samples  at  various  tempera¬ 
tures.  Figure  3  shows  the  Raman  spectra  (A  —  457.9  nm)  of 
sample  H56  annealed  at  726 ‘C  with  different  annealing 
times.  As  the  annealing  time  increased,  we  can  observe  ( 1 ) 
that  the  relative  intensity  of  Ge-Si  phonon  vibration  in¬ 
creased  and  (2)  a  large  red  shift  of  the  Ge-Ge  Raman  peak. 
Similar  trends  were  observed  as  the  annealing  temperature 
increased.  Figure  4  shows  the  effective  Ge  fraction  x  of  sam¬ 
ple  H56  as  a  function  of  annealing  time  and  temperature, 
obtained  from  their  Ge-Ge  Raman  peak  positions.  We  can 


FIG.  3.  Raman  spectra  of  sample  H56  after  being  annealed  at  726  'C  with 
different  annealing  times.  The  laser  was  operated  at  457.9  nm. 
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FIG.  4.  Effective  Ge  fraction  x  obtained  from  the  Ge-Ge  Raman  peak  posi¬ 
tions  of  sample  H56  after  being  annealed  at  different  times  and  tempera¬ 
tures. 


clearly  see  that  a  transition  from  pure  Ge  and/or  Si  layers  to 
Ge^Si,  _x  alloy  occurred,  and  this  transition  becomes  more 
pronounced  as  the  annealing  time  and  temperature  in¬ 
creased.  The  Si-Si  Raman  peak,  however,  only  has  a  smaller 
red  shift  due  to  the  larger  Si  layer  thickness.  When  the  514.5 
nm  laser  line,  which  gives  a  deeper  penetration,  was  used  for 
excitation,  the  intensity  of  Si  Raman  peak  (at  520  cm-1) 
from  the  substrate  increased  as  the  annealing  time  and  tem¬ 
perature  increased.  Similar  results  were  reported  by  Kasper 
etal.1  In  their  experiment,  Ge/Si  SLS’s  with  the  same  overall 
superlattice  thickness  but  different  period  lengths  were  com¬ 
pared.  It  was  found  that  smaller  period  (i.e.,  more  inter¬ 
faces)  samples  are  more  transparent  in  the  green  spectra 
region.  This  good  agreement  indicates  that  interface  mixing 
is  indeed  very  important  in  such  ultrathin  Ge/Si  SLS’s.  We 
also  used  x-ray  diffraction  spectroscopy  to  study  these  sam- 
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pies  before  and  after  annealing.  The  decay  of  the  low-angle  x- 
ray  diffraction  peak  from  the  superlattice  structure,  as  an¬ 
nealing  time  and  temperature  increase,  confirms  the 
interdiffusion  of  Ge  and  Si  caused  interface  smearing.  A 
more  detailed  study  of  x-ray  diffraction  will  be  reported  lat¬ 
er. 

In  summary,  ultrathin  Ge/Si  SLS  samples  have  been 
grown  and  characterized.  It  has  been  found  that  the  phonon 
behaviors  depend  strongly  on  interface  mixing  and  thus  su¬ 
perlattice  periodicity.  The  effective  Ge  fraction  x  of  the  Ge- 
Ge  and  Si-Si  phonon  vibrations  can  be  determined  by  their 
respective  Raman  peak  positions.  The  annealing  effect  of 
these  Ge/Si  superlattices  was  also  studied. 

The  authors  would  like  to  thank  Dr.  E.  Kasper  of  AEG 
Research  for  his  interesting  discussion  and  V.  Arbet  for  his 
assistance  in  growing  part  of  the  samples.  The  work  at  the 
University  of  California,  Los  Angeles  is  supported  by  the 
Office  of  Naval  Research  and  the  Army  Research  Office.  R. 
C.  Bowman,  Jr.  and  P.  M.  Adams  would  like  to  acknowledge 
the  support  of  the  Aerospace  Sponsored  Research  program. 

'S  Froyen,  D.  M  Wood,  and  A.  Zunger,  Phys.  Rev.  B  36, 4547  ( 1987). 
JC.  G.  Van  de  Walle  and  R.  M.  Martin,  J.  Vac.  Sci.  Technol.  B  3,  1256 
(1985). 

JC.  G.  Van  de  Walle  and  R.  M.  Martin,  Phys.  Rev.  B  34,  5621  ( 1986). 
4M.  S.  Hybertsen  and  M.  Schluter,  Phys.  Rev.  B  36, 9683  ( 1986). 

5T.  P  Pearsall,  J.  Berk,  L.  C.  Feldman,  A.  Ourmezd,  J.  M.  Bonar,  and  J.  P. 
Mannaerts,  Phys.  Rev.  Lett.  58, 729  ( 1987). 

‘J.  Berk,  J.  P.  Mannaerts,  L.  C.  Feldman,  B.  A.  Davison,  and  A.  Ourmazd, 
Appl.  Phys.  Lett.  49. 286  ( 1986). 

7E.  Kasper,  H.  Kibbcl,  H.  Jorke,  H.  Bmgger,  E.  Friess,  and  A.  Abstreiter, 
Phys.  Rev.  B  38,  3599  (1988). 

*A,  Ishizaka  and  Y.  Shiraki,  J.  Electrochem.  Soc.  133, 666  ( 1986). 

’H.  Brugger,  G.  Abstreiter,  H.  Jorke,  H.  J.  Herzog,  and  E.  Kasper,  Phys. 
Rev.  B  33,  5928  (1986). 

I0M.  Rylov,  Sov.  Phys.  Acoust.  2, 68  ( 1956). 

"R  Anastassakis,  A.  Pinczuk,  E.  Burstein,  F.  H.  Poliak,  and  M.  Cardona, 
Solid  State  Commun.  8, 133  (1970). 

I3J.  C.  Tseng,  S.  S.  Iyer,  and  S.  L.  Delage,  Appl.  Phys.  Lett.  51, 21  ( 1987). 
,JW.  J.  Brya,  Solid  State  Commun.  12, 253  ( 1973). 


Change/  al. 


1837 


1837 


12 


IEEE  JOURNAL  OF  QUANTUM  ELECTRONICS,  VOL.  25.  NO.  1.  JANUARY  1989 


Theory  and  Applications  of  Band- Aligned 

Superlattices 

KANG  L.  WANG,  senior  member,  ieee  and  PERNG-FEI  YUH 


Abstract— \  general  new  device  concept  based  on  the  miniband  junc¬ 
tions  formed  in  multiple  superlattices  is  described.  As  heterojunctions 
play  an  important  role  in  bulk  semiconductor  devices,  the  miniband 
junctions  have  potential  applications  for  new  superlattice  devices.  In 
the  band-aligned  structures,  the  aligned  minibands  function  as  an  en¬ 
ergy  filter,  which  ensures  efficient  injection  of  monoenergetic  carriers, 
while  the  miniband  offsets  can  block  the  carrier  flow  similarly  to  the 
band  discontinuity  in  bulk  heterostructures.  By  engineering  the  alloy 
composition,  the  layer  width,  the  doping,  and  the  applied  electric  field, 
several  examples  of  band-aligned  superlattices  are  analyzed  for  appli¬ 
cations  in  miniband  transport  and  intersubband  transitions. 

I.  Introduction 

ALMOST  all  of  the  semiconductor  devices  are  made 
by  doped  p-n  junctions  and/or  heterojunctions.  Those 
junctions  which  make  up  the  diverse  device  world  have 
one  thing  in  common;  that  is,  they  connect  two  semicon¬ 
ductor  layers  with  different  bands.  The  bands  of  a  p-n 
junction  are  controlled  by  the  dopants,  while  the  bands  of 
a  heterojunction  are  changed  by  the  alloy  compositions. 

The  superlattice  is  made  of  periodic  junctions  such  that 
the  bands  connected  by  the  junctions  form  a  one-dimen¬ 
sional  periodic  potential  [1].  Because  of  this  one-dimen¬ 
sional  potential  superimposed  on  the  real  crystal  poten¬ 
tial,  minibands  are  formed  within  the  conduction  and 
valence  bands.  To  explore  the  concept  of  semiconductor 
junction  further,  the  question  raised  is  what  will  be  the 
junction  which  connects  two  superlattices  having  different 
minibands.  By  analogy  with  the  junction  devices,  this  new 
superlattice  junction  formed  by  stacking  different  types  of 
superlattices  can  afford  yet  another  dimension  in  the  de¬ 
vice  world. 

Usually,  a  superlattice  is  composed  of  a  period  of  a 
simple  element,  e.g.,  square  shape  or  a  triangle  potential 
This,  however,  need  not  be  the  case.  The  building  block 
of’the  superlattice  can  be  any  arbitrary  potential  weil,  and 
in  addition,  many  different  superlattices  can  be  put  to¬ 
gether  to  form  a  device  structure.  We  refer  to  the  latter  as 
a  multiple  superlattice,  where  “junctions”  can  be  readily 
formed.  The  junctions  between  multiple  superlattices  can 
be  divided  into  two  categories,  band  alignment,  where  the 
minibands  in  both  sides  are  partly  or  totally  aligned,  and 
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band  offset  or  band  stop,  where  the  miniband  on  one  side 
of  the  junction  becomes  an  evanescent  siu,.e  on  the  other. 
For  convenience,  the  name  band-aligned  superlattice 
(BAS)  is  used  to  refer  to  this  new  multifile  superlattice 

[2] ,  where  the  minibands  are  purposely  aligned  or  not 
aligned,  and  a  supeijunction  is  the  junction  formed  by 
such  multiple  superlattices. 

The  methods  we  use  to  investigate  the  BAS’s  are  de¬ 
scribed  in  Section  II.  Several  structures  are  analyzed  with 
these  methods  in  Sections  III  and  IV  for  new  infrared  de¬ 
tector  and  laser  applications. 

II.  Methods 

For  an  ideal  superlattice,  where  an  infinite  number  of 
periodical  layers  is  assumed,  the  Kronig-Penney  model 

[3]  can  be  used  to  determine  the  minibands  and  wave 
functions.  For  a  finite  superlattice,  on  the  other  hand,  re¬ 
alistic  calculations  must  be  done  for  transmission  coeffi¬ 
cient  and  current,  wave  functions,  and  carrier  density.  The 
former  model  has  been  well  established  in  the  formulation 
of  resonant-tunneling  diodes  [4],  [5].  The  latter  has  been 
developed  previously  by  us  [6]  and  also  by  some  other 
authors  in  self-consistent  calculations  [7],  [8].  However, 
all  the  previous  formalisms  consider  only  the  energies 
above  the  conduction-band  edge.  For  energies  below  the 
conduction-band  edge,  evanescent  waves  exist,  and  the 
earner  density  due  to  these  evanescent  waves  cannot  be 
simply  neglected,  especially  for  the  analysis  of  BAS’s. 
Thus,  in  what  follows,  we  will  cite  only  the  results  for 
the  oscillatory  wave  solutions  and  describe  in  detail  the 
evanescent  wave  case.  The  GaAs/AlGaAs  material  sys¬ 
tem  is  used  as  an  example  in  the  following  calculations, 
and  extension  to  other  semiconductor  systems  is  straight¬ 
forward. 


A.  Transmission  Coefficient  and  Current 

Fig.  1  shows  the  conduction  band  edge  of  a  superlattice 
consisting  of  a  finite  number  of  layers  with  a  total  length 
L.  The  conduction  band  envelope  functions  along  the  c 
direction,  denoted  by  'i,  and  for  the  left  and  right 
hand  contacts,  respectively,  are 


= 


”  A  +  e‘k'z  +  A.e~ik'z 

for  oscillatoiy  wave 
A  +  e‘lZ 

for  evanescent  wave, 


z  <  0 
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By  assuming  that  Kr  =  k/  =  k  and  yr  =  Ji  =  y,  (8)  can 
be  reduced  to 


K 

yk' 


(10) 


which  are  the  well-known  dispersion  relations  for  an  iso¬ 
lated  square  quantum  well. 

In  Cases  1  and  2,  the  carrier  density  can  be  determined 
after  the  wave  function  is-  obtained,  and  the  formula  is 
given  in  [6]. 


III.  Band-Aligned  Structures  by  Engineering  the 
Layer  Width  and  Alloy  Composition 

A.  BAS  Detector 

The  simple  band-aligned  structure  shown  in  Fig.  2  is 
composed  of  two  superlattices  (SI  and  S2).  The  ground 
miniband  of  the  narrow-well  superlattice  (S2)  is  aligned 
with  the  upper  band  of  the  wide- well  superlattice  (SI),  so 
that  the  transport  in  the  upper  band  can  occur  continu¬ 
ously  at  the  junction  (J).  On  the  other  hand,  the  transport 
in  the  lower  band  stops  at  the  junction  (J).  When  the 
structure  is  used  as  an  infrared  detector,  the  miniband  stop 
can  prevent  flowing  of  the  dark  current  in  the  lower  band, 
while  the  miniband  alignment  can  allow  the  photocurrent 
to  flow  in  the  upper  band.  In  other  words,  the  narrow- 
well  superlattice  (S2)  acts  as  an  energy  filter,  which  se¬ 
lects  only  the  hot  electrons  transported  in  the  upper  band. 

For  convenience  of  analysis,  we  will  denote  each  layer 
in  the  superlattice  as  ( Mx)rd  where  M  is  the  number  of 
monolayers  and  is  related  to  the  layer  width  L  by  L  - 
2.83M  A,  x  is  the  fraction  of  A1  compositron,  r  is  the 
number  of  repetitions  of  this  layer,  and  d  denotes  the  dop¬ 
ing  type  with  d  =  n,  p,  i  to  indicate  the  n-doped,  p-doped, 
and  intrinsic  layers,  respectively. 

The  transmission  coefficient  of  a  BAS  detector  consist¬ 
ing  of  ( 1  l0.3350)n  ( 1  lo.3 1  lo)n  is  shown  in  Fig.  3.  For 
comparison,  the  coefficient  of  a  simple  superlattice 
(ll0.3350)n.  which  has  the  same  dimension  but  without 
the  energy  filter,  is  also  shown  in  Fig.  3.  The  transmission 
coefficient  for  the  lower  band  of  the  BAS  detector  is  sig¬ 
nificantly  reduced  (a  factor  of  10-3)  by  the  energy  filter, 
while  that  in  the  upper  band  is  almost  not  affected.  This 
implies  that  the  dark  current  of  the  BAS  detector  is  re¬ 
duced,  while  the  photocurrent  transport  in  the  upper  band 
is  not  affected.  To  investigate  this  further,  three-dimen¬ 
sional  plots  of  the  wave  function  versus  energy  and  lo¬ 
cation  are  shown  in  Fig.  4.  The  wave  functions  are  high 
and  oscillatory  within  the  minibands  and  decay  elsewhere 
in  energy.  More  interesting  is  that  the  wave  function  in 
the  lower  band  oscillates  inside  the  (11oj35o)  superlat¬ 
tice,  but  decays  rapidly  in  the  (Il0.jll0)  superlattice,  as 
the  latter  filters  out  the  lower-energy  waves. 

There  are  several  nonideal  factors  which  may  cause 
problems  of  mimband  alignment.  First  of  all,  the  well 
width  variations  may  cause  a  shift  of  mimband  energies. 
For  example,  a  two-monolayer  tor  5.8  A)  change  in  a 
(  1 10.33501 10  3 )  well  (or  100  A)  may  cause  2  and  10  meV 


Mini-bond  alignment 


\n. 

XL 

— 

- 

1 _ j  i _ 1 1  y  i  u  u  i 

si  A  S2 


Mini -bond  discontinuity 

Fig.  2.  Band-aligned  structure  for  detector  application.  It  consists  of  two 
kinds  of  superlattices.  The  wide-well  superlattice  (SI)  on  the  left  has 
two  minibands,  where  the  upper  one  is  aligned  with  the  ground  miniband 
of  the  narrow-well  superlattice  (S2)  on  the  right.  Current  transport  in  the 
lower  band  (usually  dark  current)  is  blocked  by  the  miniband  stop  at  the 
junction  (J),  while  the  current  in  the  upper  band  (usually  photocurrent) 
is  not  affected  due  to  the  aligned  bands. 


Fig.  3.  Comparison  of  transmission  coefficients  of  a  BAS  detector 
(1  l0.j350)iS(l  lo.jl  lo)i  “ml  a  simple  superlattice  detector  (110)350)J 
which  has  the  same  dimensions.  The  lower  peak  is  significantly  reduced 
tn  the  BAS  detector,  which  implies  that  the  current  transport  in  the  lower 
.band  is  suppressed.  The  upper  peak  has  the  same  magnitude  except  for 
the  splitting,  which  is  characteristic  of  aligned  bands. 


>» 


Fig.  4.  The  left-to-nght  wave  function  as  a  function  of  location  and  energy 
for  a  BAS  detector  consisting  of  ( U0  3350)J(  1 10  jl  lo)n  The  wave  func 
tions  are  large  and  oscillatory  within  the  minibands  and  decay  elsewhere 
in  energy. 


shifts  of  the  lower  and  upper  bands,  respectively.  To  min¬ 
imize  the  band  misalignment  caused  by  well-width  vari 
ation,  thinner  barriers  are  required  so  that  the  wells  are 
strongly  coupled  and  the  minibands  can  overlap  appreci 
ably .  The  choice  of  an  ( 1 1„  _>)  barrier  has  miniband  band 
widths  of  7  and  30  meV,  respectively,  for  the  lower  c^d 
upper  bands. 


WANG  AND  YUH:  BAND-ALIGNED  SUPERLATTICES 


IS 


Second,  the  flat-band  condition  shown  in  Fig.  2  is  not 
realistic  when  there  is  a  band  bending  caused  by  doping 
and  free  earner  distribution.  In  the  absence  of  an  applied 
electric  field,  the  miniband  misalignment  caused  by  band 
bending  can  be  overcome  by  modulation  doping.  To  es¬ 
timate  the  doping  density  repaired  for  the  wide-well  ( NWVJ ) 
and  narrow-well  (Nnw)  superlattices,  we  first  notice  that 
the  carrier  concentration  for  the  two-dimensional  elec¬ 
tron  gas  in  a  miniband  is  [2] 

*3?  Win  (I  +  *-<&-*>/«),  (11) 

ha 

which  defines  a  quasi-Fermi  level  Ef,  where  E0  is  the  cen¬ 
ter  of  the  miniband  and  d  is  the  superlattice  period.  The 
doping  in  each  superlattice  should  be  equal  to  the  corre¬ 
sponding  free  carrier  concentration  for  the  flat-band  con¬ 
dition  to  be  valid.  We  estimate  that  NWVI  =  1,5  x  1017 
cm-3  and  Nnw  =  1.2  x  1015  cm"3  for  Ef  =  0  (relative  to 
the  GaAs  conduction-band  cage)  and  T  =  300  K  in 
(ll0.3350)2n(llo.3llo)n. 

In  the  presence  of  an  applied  electric  field,  additional 
band  bending  may  be  formed  by  the  distribution  of  in¬ 
jected  carriers.  In  the  proposed  structure  shown  in  Fig.  2, 
the  carriers  transporting  in  the  lower  band  will  first  ac¬ 
cumulate  at  the  junction  (J),  forming  a  high-field  domain. 
The  applied  voltage  will  mostly  drop  at  the  junction  and 
cause  a  band  bending.  With  this  consideration,  the  oper¬ 
ating  voltage  should  be  limited  by  the  separation  of  the 
lower-  and  upper-band  energies,  in  this  case  being  90  mV. 

B.  BAS  Laser 

The  BAS  laser  [2]  shown  in  Fig.  5  consists  of  three 
superlattices  (SI,  S2,  and  S3).  With  the  central  one  (S2) 
as  the  active  region,  the  right  and  left  ones  (SI  ?nu  S3) 
function  as  the  energy  filters  allowing  carriers  »o  be  in¬ 
jected  only  into  the  upper  band  and  to  flow  out  only 
through  the  lower  band  The  transmission  coefficient 
of  the  BAS  laser  consisting  of  (Iloilo)3 
(  110  3260 ,160)^0(  ll0.3llo)n»s  shown  in  Fig.  6.  The  lower 
two  peaks,  corresponding  to  the  lower  and  the  upper 
aligned  minibands  indicate  that  currents  transporting  in 
the  lower  and  upper  bands  are  small,  where  the  peak 
tmnsmissions  are  about  10"3  The  wave  functions  from 
left  to  right  and  from  right  to  left  are  plotted  for  the  lower 
and  upper  bands  in  Fig  7  Carriers  injected  from  the  left 
through  the  aligned  lower  bard  and  those  injected  from 
the  right  through  the  upper  band  have  large  probability 
densities,  wh'ch  are  about  three  orde.s  of  magnitude  larger 
than  those  injected  from  the  wrong  directions. 

The  injection  current  density  is  limited  by  the  current 
transported  in  the  lower  band,  which  is  essential  to  pro¬ 
vide  an  empty  lower  band  for  population  inversion.  The 
largest  current  density  which  can  be  accommodated  by  the 
miniband  transport  can  be  simply  estimated  by  the  tun¬ 
neling  current  [5 j ,  assuming  that  the  transmission  coeffi 
cients  are  unity  inside  the  miniband.  In  the  present  case, 
the  current  density  is  limited  to  3  x  10b  A/cm2  for  a 
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Fig  5  Band-aligned  structure  for  intersubband  laser  application.  It  con¬ 
sists  of  three  kinds  of  superlattices.  The  central  one  is  the  active  region, 
.-here  its  upper  band  is  aligned  to  the  right  and  its  lower  band  is  aligned 
to  the  left.  Current  injected  from  the  right  is  trapped  in  the  upper  band 
because  of  band  alignment  on  the  right  and  band  discontinuity  on  the 
left.  Upon  lasing,  the  carriers  in  the  lower  band  flow  out  of  the  active 
region  via  the  aligned  bands. 


Fig  6.  Transmission  coefficient  of  the  BAS  laser  consisting  of 
(ll«j2lo)i(lloj26o,l60)?>  (llojllo)J-  The  lowest  two  peaks,  which 
are  related  to  the  mimbands  of  the  active  region,  are  much  smaller  than 
unity. 

miniband  bandwidth  of  3  meV,  which  suffices  in  most  ap¬ 
plications. 

This  novel  stmeture  provides  a  way  of  carrier  injection 
for  possible  intersubbai.d  lasing.  To  be  practical,  one  has 
to  take  into  consideration  the  intersubband  relaxation  pro¬ 
cesses.  For  the  nonradiative  intersubband  relaxation  pro¬ 
cess  in  a  quantum  well,  the  lifetime  due  to  longitudinal 
optical  (LO)  phonon  scattering  at  room  temperature  is  on 
the  order  of  10  ps  for  a  subband  splitting  150  meV  [1 1], 
[12]  (larger  than  the  LO  phonon  energy  of  36.7  meV), 
and  that  due  to  acoustic  phonon  scattering  is  300  ps  for  a 
subband  splitting  27  meV  at  5  K  il3]  (less  than  the  LO 
phonon  energy).  For  lasing,  it  is  essential  to  have  a  low 
nonradiative  recombination  rate.  For  the  subband  split¬ 
ting  larger  than  the  LO  phonon  energy,  we  have  per¬ 
formed  a  theoretic  calculation  based  on  the  formulation  of 
Riddoch  and  Ridley  [14],  and  the  results  indicate  that  sev¬ 
eral  means  may  be  used  to  reduce  the  intersubband  LO 
phonon  scattering  rate.  First,  lowering  the  temperature 
from  300  to  77  K  can  increase  the  lifetime  by  a  factor  of 
two  since  the  phonon  number  .s  reduced  at  low  tempera¬ 
ture.  Second,  a  narrower  well  has  a  longer  lifetime  since 
the  narrower  well  has  a  larger  splitting  of  the  subband 
energies,  and  by  the  requirement  of  momentum  conser¬ 
vation,  a  larger  splitting  implies  that  only  long-wave-vec¬ 
tor  phonons  (which  have  a  smaller  strength)  participate  m 
this  intersubband  scattering  process.  Our  calculation 
shows  that  the  scattering  rate  is  approximately  propor- 
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Fig.  7.  Probability  density  (the  square  of  the  absolute  value  of  the  wave 
function)  of  the  (Ho.jZlo^fHojZboilboAllojlIo)1  BAS  structure 
as  a  function  of  location  (al  For  the  lower  band,  where  the  energy  is  EL 
=  0.054  eV.  The  transmission  coefficient  is  1.593  x  10'\  (b)  The  up¬ 
per  band,  where  the  energy  is  Eu  =  0.135  eV  and  the  transmission  coef¬ 
ficient  is  2  096  x  10"1  The  solid  line  indicates  the  left-to-right  wave, 
and  the  dashed  line  indicates  the  right-to-left  wave. 


tional  to  the  well  width.  Third,  a  material  having  a  light 
effective  mass  has  a  long  lifetime,  and  the  scattering  rate 
is  approximately  proportional  to  the  effective  mass. 
Fourth,  a  lower  LO  phonon  energy  has  a  smaller  scatter¬ 
ing  rate,  but  this  effect  is  small.  To  eliminate  the  effect  of 
the  LO  phonon,  subband  splitting  less  than  the  LO  phonon 
energy  should  be  employed  and  operate  at  very  low  tem¬ 
perature.  For  a  superlattice,  there  may  be  an  additional 
nonradiative  process  for  electrons  to  undergo  mtersub- 
band  Auger  recombination  [15].  The  lifetime  of  Auger 
recombination  is  on  the  order  of  100  ps  and  can  be  re¬ 
duced  by  using  a  narrower  miniband  bandwidth,  although 
the  narrower  bandwidth  may  limit  the  injected  current 
density.  For  the  radiative  spontaneous  emission  process, 
the  recombination  lifetime  is  on  the  order  of  6  x  10 "8  ps 
[16]  for  a  subband  splitting  150  meV.  A  factor  of  one- 
third  has  been  taken  into  account  for  the  spontaneous 
emission  rate  since  the  inlersubband  transition  allows  only 
light  which  has  an  electric  field  component  in  the  z-dtrec- 
tion  to  be  emitted.  In  short,  the  nonradiative  recombina¬ 
tion  processes  are  usually  dominant  over  the  radiative 


processes,  and  their  effects  should  be  evaluated  for  reali¬ 
zation  of  intersubband  lasing. 

To  pump  carriers  into  the  ground  miniband  of  the  nar¬ 
row-well  superiattice  on  the  right,  a  variable  space  super¬ 
lattice  energy  filter  (VSSEF)  [17]  can  be  used.  However, 
other  simple  structures  are  possible  and  are  presented  in 
the  following  section. 


IV.  BAS  by  Doping  and  Electric  Field 


A.  Resonant  Injector  (Emitter) 

A  BAS  device  incorporating  a  resonant-tunneling  injec¬ 
tor  is  shown  in  Fig.  8(a).  An  example  of  this  structure  is 
( 110.32001  1o.3)i(3501  lo.3>n+  (200)i-  From  left  to  right,  the 
first  part  of  the  structure  is  a  typical  undoped  resonant¬ 
tunneling  diode,  followed  by  several  periods  of  the  n+- 
doped  active  layer,  which  consists  of  two  minibands,  and 
a  thin  undoped  GaAs  spacer  at  the  end.  Both  contacts  are 
assumed  to  be  n+-GaAs,  and  thus  the  voltage  drop  in  the 
contacts  can  be  neglected. 

To  describe  the  working  principle  of  the  resonant  injec¬ 
tor  BAS,  we  will  assume  that  the  voltage  drop  is  sustained 
only  by  the  intrinsic  regions,  i.e.,  the  resonant  injector 
and  the  spacer  in  the  present  structures.  Detailed  analysis 
should  incorporate  a  self-consistent  calculation  with  the 
Poisson  equation,  but  will  probably  show  the  same  prin¬ 
ciple. 

When  a  positive  bias  (eVa  <  0)  is  applied  on  the  right 
contact  as  shown  in  Fig.  8(b),  the  quasi-bound  state  of 
the  injector  is  raised  and  finally  aligned  with  the  upper 
band  of  the  active  layer.  When  there  is  no  recombination, 
the  electron  population  in  the  upper  band  increases  due  to 
injection  from  the  left  contact  through  the  aligned  bands, 
while  there  is  no  carrier  injection  into  the  lower  band  from 
the  left  contact,  as  was  discussed  in  Case  3  of  Section  II- 

B.  However,  the  lower  band  can  have  a  relatively  large 
population  due  to  the  injection  from  the  right  contact  since 
the  energy  of  the  band  is  low  and  near  the  Fermi  level  of 
the  right  contact.  For  laser  applications,  however,  popu¬ 
lation  inversion  must  be  attained.  To  this  goal,  a  spacer 
is  used  to  depress  further  the  Fermi  level  below  the  lower 
band,  thus  reducing  the  population  in  the  lower  band. 

The  carrier  concentrations  in  the  upper  and  lower  bands 
are  shown  in  Fig.  9  with  or  without  the  spacer.  In  the 
calculation,  we  have  assumed  coherent  transport  (i.e.,  no 
scattering)  and  no  recombination1  (i.e.,  the  condition  be¬ 
fore  lasing).  The  applied  voltage  is  chosen  so  that  the  cur¬ 
rent  is  at  its  peak  value  when  band  alignment  occurs. 

To  illustrate  the  relation  of  population  inversion  and  the 
quasi-Fermi  levels  for  lasing  in  BAS,  we  notice  that  the 
inverted  electron  population  AN  can  be  derived  from  (11): 


AN  =  Nv-  Nl 


4j on*  ,  1  +  e-<to-Efu)/kT 

'  h2d  kT  n  1  +  e'iEL~EfL)/kT  2 


where  V  and  L  denote  the  upper  and  lower  bands,  respec¬ 
tively  The  condition  for  lasing  is  AN  >  0,  which  implies 


'We  note  that  the  radiative  and  nonradiative  earner  lifetimes  are  impor¬ 
tant  considerations  for  lasing,  as  discussed  in  Section  III-B. 
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Fig.  8.  BAS  incorporating  a  resonant-tunneling  injector  in  the  emitter  and 
a  spacer  in  the  collector,  (a)  For  the  flat-band  condition,  (b)  For  positive 
applied  voltage,  where  the  upper  band,  the  quasi-bound  state  of  the  in¬ 
jector,  and  the  Fermi  level  of  the  left  contact  are  aligned  together,  (c) 
For  negative  applied  voltage,  where  the  lower  band,  the  quasi-bound 
state  of  the  injector,  and  the  Fermi  level  of  the  right  contact  are  aligned 
together. 


Fig.  9  Carrier  densities  versus  location  for  the  upper  and  lower  bands 
for  A.  (U0]20oUo))i(3S0Ho))’  (without  spacer),  and  B, 
( 1  lo.j20ol  l0})i(350l  lo.j  )2(20o).  (with  spacer).  The  carrier  densities  in 
the  upper  band  for  both  A  and  B  are  the  same  as  indicated  by  the  solid 
line.  The  carrier  densities  in  the  lower  band  for  A,  indicated  by  the  short- 
dashed  line,  are  much  higher  than  those  for  B,  indicated  by  the  dotted 
line.  The  applied  voltage  is  0. 1 1  V  for  A  and  0.162  V  for  B  such  that 
the  electric  fields  in  the  injector  are  the  same  for  both  cases. 


Efu  -  ESi  >  Eu  -  El,  and  is  similar  to  the  case  of  con¬ 
ventional  junction  lasers. 

The  current-voltage  relation  in  the  absence  of  recom¬ 
bination  and  scattering  is  shown  in  Fig.  10.  The  peak  in 
the  positive  voltage  corresponds  to  band  alignment  in  the 
upper  band,  while  the  peak  in  the  negative  voltage  cor 
responds  to  band  alignment  in  the  lower  band.  The  latter 
situation  is  schematically  shown  in  Fig.  8(0.  The  spacer 
now  raises  the  Fermi  level  of  the  right  cuntact  to  launch 
electrons  into  the  lower  band.  While  current  in  the  posi 
tiv e  bias  is  transported  by  the  upper  .rand,  in  the  negative 
bias  it  is  transported  mainly  by  the  lower  band.  Thus,  the 
resonant  injector  BAS  also  provides  a  way  to  study 
miniband  transport  in  superlattices. 


Fig.  10.  Current-voltage  relation  for  ( I  lo.j20ol  lo.3)i(350l Io.3)h  BAS. 
The  peak  current  in  the  positive  polarity  indicates  where  the  upper  band 
is  aligned  with  the  quasi-bound  state  of  the  injector,  while  that  in  the 
negative  polarity  occurs  when  the  lower  band  is  aligned  with  the  quasi¬ 
bound  state  of  the*  injector. 


Finally,  for  device  application,  the  first-order  design 
principle  is  described  below,  ignoring  space  charge  ef¬ 
fects  and  assuming  all  energies  are  referred  to  the  con¬ 
duction-band  edge  at  flat-band  condition.  As  illustrated  in 
Fig.  8(a),  first  the  lower-band  energy  EL  and  the  upper- 
band  energy  Eu  are  selected  by  the  transition  frequency 
desired.  The  voltage  drop  in  the  injector  is  made  to  qV, 
-  E(j  ~  Ef  in  order  to  ensure  that  the  Fermi  level  at  the 
left  contact  is  aligned  with  the  upper  band.  The  quasi¬ 
bound  state  energy  of  the  injector  should  be  E-,  =  (qF,  j/2 
in  order  that  the  quasi-bound  state  be  aligned  with  the 
upper  band  when  the  voltage  drop  across  the  injector  is 
Vj.  The  well  width  of  the  injector  can  be  determined  from 
its  known  quasi-bound  state.  To  have  band  alignment  in 
the  lower  band  as  the  voltage  polarity  changes,  the  thick¬ 
ness  of  the  spacer  Ls  should  be  chosen  as  Ls  =  (Lj{EL  - 
£/))/( 2  (£/  -  El))  where  L-,  is  the  injector  width  shown 
in  Fig.  8(a).  The  applied  voltage- to  have  the  upper  band 
aligned  is 

*  "  v'Hr)’  031 

and  for  lower-band  alignment,  it  is 

V;  =  (Ef+EL-2E,)/q.  (14) 

Obviously,  the  effects  of  space  charges  and  contact  resis¬ 
tance  should  be  taken  into  consideration  to  determine  the 
actual  Fa’s. 

B.  Resonant  Collector 

Although  the  resonant  injector  BAS  can  achieve  a  high 
population  inversion,  it  also  has  a  high  threshold  current 
since  the  current  transport  in  the  upper  band  will  leak  to 
the  right  contact  instead  of  falling  down  to  the  lower  band. 
To  block  the  upper  band  current  flowing  into  the  right 
contact  and  at  the  same  time  to  sustain  the  lower-band 
current,  one  may  employ  another  resonant-tunneling 
structure  in  the  collector,  referred  to  as  the  resonant  col¬ 
lector,  and  its  band  structure  is  schematically  shown  in 
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Fig.  11,  (a)  BAS  incorporating  a  resonant-tunneling  structure  in  the 
emitter  and  a  resonant-tunneling  structure  in  the  collector.  It  is  shown 
for  a  positive  bias  such  that  the  upper  band,  the  quasi-bound  state  of  the 
injector,  and  the  Fermi  level  of  the  left  contact  are  aligned,  while  at  the 
same  time  the  lower  band,  the  quasi-bound  state  of  the  collector,  and  the 
Fermi  level  of  the  right  contact  are  also  aligned.  The  threshold  current 
is  expected  to  be  lower  than  that  of  a  BAS  without  a  collector,  (b)  The 
BAS  incorporating  both  a  superlattice  injector  and  a  superlattice  collec¬ 
tor  in  the  flat-band  condition,  (c)  The  same  structure  as  in  (b)  except 
being  under  applied  bias.  The  desired  band  alignment  is  achieved  as  the 
voltage  drop  occurs  mostly  in  the  thick  barriers  inserted  among  the 
strongly  coupled  supcrlattices. 

Fig.  1 1(a)  when  the  bands  are  aligned.  By  proper  design, 
as  the  upper  band  is  aligned  with  the  quasi-bound  state  of 
the  injector,  the  lower  band  is  aligned  with  the  quasi¬ 
bound  state  of  the  collector,  thus  forming  a  channel  for 
carrier  in-and-out.  The  energy  states  in  an  infinite  square 
well  have  the  characteristics  En  «  n 2  where  n  is  the  nth 
subband.  Thus,  when  the  lower  band  is  aligned  with  the 
first  state  of  the  collector,  the  upper  band  should  be  lower 
than  the  second  state  of  the  collector  so  that  the  carriers 
transported  in  the  upper  band  are  blocked  by  the  collector. 
A  design  example  is  (llo.3200ll(u),(35ollo.3);rt 
( 16ol  10.3)|.  The  population  distribution  for  the  resonant 
collector  case  is  shown  in  Fig.  12  under  the  same  applied 
electric  field  as  in  the  previous  case  without  the  resonant 
collector.  The  current  density  is  3  X  104  A /cm2  in  this 
case,  compared  to  the  previous  case,  which  has  a  peak 
current  of  1.5  x  10s  A/cm2,  while  the  carrier  densities 
are  comparable. 

The  choice  of  resonant  collector  is  not  as  critical  as  that 
of  injector.  In  reality,  the  lower  band  will  tend  to  align 
with  the  quasi-bound  state  of  the  collector  since  under  bias 
the  voltage  drop  occurs  at  the  junction  that  self-adjusts  the 
band  alignment.  That  is,  if  they  are  not  aligned,  the  con¬ 
ductivity  is  low  and  the  voltage  tends  to  drop  in  this  highly 
resistive  region.  The  voltage  drop  persists  until  the  bands 
are  aligned.  The  upper  band  tends  to  be  aligned  with  the 
quasi-bound  state  of  the  injector  too,  but  the  current  in¬ 
jector  will  not  be  optimized  unless  the  Fermi  level  at  the 
left  contact  is  also  aligned  with  the  quasi-bound  state  of 
the  injector. 

C.  Superlattice  Emitter  and  Collector 

The  resonant  emitter  and  collector  can  be  replaced  by 
strongly  coupled  superlattices  [18],  with  thicker  barriers 
inserted  in  between  to  sustain  the  voltage  drop,  as  shown 
in  Fig.  1 1(b).  The  minibands  in  the  strongly  coupled  wells 
are  aligned,  giving  high  conductivity,  whereas  the  space 
charge  will  accumulate  near  the  thicker  barriers,  where 


Fig.  12.  Carrier  densities  versus  location  for  the  upper  and  lower  bands  of 
(llo.3200llo.j)i(35ollo.})5(16oilo.})i  (with  both  the  resonant  emitter 
and  the  collector).  The  carrier  density  in  the  upper  band  is  indicated  by 
the  solid  line,  and  that  in  the  lower  band  is  indicated  by  the  dashed  line. 
The  applied  voltage  is  0.181  V,  such  that  the  electric  leld  of  the  injector 
are  the  same  as  in  the  case  of  Fig.  9. 

the  conductivity  is  low.  Thus,  the  voltage  drops  mostly 
in  the  thicker  barriers,  and  the  miniband  alignment  is  es¬ 
tablished  as  shown  in  Fig.  11(c).  The  strongly  coupled 
superlattice  was  first  demonstrated  by  Davies  et  al.  [18] 
as  an  alternative  approach  of  the  resonant-tunneling  struc¬ 
tures,  and  we  have  adopted  it  here  for  the  emitter  and 
collector  of  the  BAS.  It  is  noticed  by  us  that  a  possible 
intersubband  laser  structure  was  also  recently  proposed  by 
Liu  [19]  and  a  similar  structure  in  Fig.  8  was  studied  by 
England  et  al.  for  superlattice  transport  [20]. 

V.  Conclusion 

In  conclusion,  we  have  described  a  new  device  concept 
based  on  supeijunctions  between  multiple  superlattices. 
Miniband  alignments  and  discontinuities  are  formed  at  the 
supeijunctions.  The  applications  of  the  BAS’s  are  dem¬ 
onstrated  in  the  miniband  transport  and  the  intersubband 
transition.  For  miniband  transport,  the  BAS  can  inject 
carriers  in  either  the  upper  or  the  lower  band.  The  reso¬ 
nant  injector  or  superlattice  injector  acts  as  a  dynamic  en¬ 
ergy  filter  that  ensures  efficient  currents  of  monoenergetic 
carriers.  It  is  recognized  that  the  analysis  presented  here 
ignores  the  inelastic  and  elastic  scatterings  in  the  sub¬ 
band.  For  intersubband  transitions,  new  types  of  infrared 
laser  and  photodetectors  of  low  dark  current  are  proposed 
based  on  the  fact  that  the  BAS  can  effectively  control  the 
carrier  flow  in  the  minibands.  Although  examples  are 
given  for  AlGaAs/GaAs  superlattices,  the  concept  is 
readily  applicable  to  all  other  indirect  as  well  as  direct  gap 
semiconductor  systems.  The  BAS  concept  should  stimu¬ 
late  device  applications  of  superlattices. 
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Large  Stark  Effects  for  Transitions  from  Local  States 
to  Global  States  in  Quantum  Well  Structures 

P.  F.  YUH  and  K.  L.  WANG 


Abstract—  Ur  discuss  the  fleet ric-ficld  dependence  (if  the  optical  all- 
sorption  fora  particular  type  of  quantum  well  structures,  in  which  une 
or  more  small  wells  are  embedded  in  a  big  well.  In  such  structures, 
local  energy  states  confined  by  the  smalt  well(s)  and  global  states  con¬ 
fined  by  the  big  well  have  different  electric  field  dependence  while  their 
wave  functions  remain  overlapped.  Thus,  a  large  Stark  effect  (large 
energy  shift  and  oscillator  strength)  can  be  achieved  for  the  optical 
transition  from  a  local  slate  to  a  global  state.  This  concept  of  using  the 
local  and  global  states  can  be  applied  to  both  interband  and  intersuh- 
band  transitions.  For  intersubband  transitions,  a  typical  10-20  meV 
shift  is  predicted,  compared  to  a  reported  1.1  meV  blue  shift  at  the 
field  30  kV/cm.  For  inlerband  transitions,  the  Stark  shift  is  also  larger 
than  that  in  the  single  quantum  wells. 

I.  Introduction 

UANTUM  well  structures  have  found  important  ap¬ 
plications  in  optoelectronics.  When  an  external  elec¬ 
tric  field  is  applied,  the  shape  of  the  quantum  well  poten¬ 
tial  deforms  and  the  transition  energies  of  the  sublevels 
change  accordingly.  The  quantum  confined  Stark  effect 
|1]  is  referred  to  the  shift  of  the  transition  energy  in  a 
quantum  well  as  a  function  of  the  electric  field.  This  Stark 
effect  has  been  observed  for  both  interband  (from  valence 
to  conduction  band)  and  intersubband  (or  intraband)  tran¬ 
sitions. 

Several  quantum  well  structures  have  been  examined 
previously.  Among  them  are  the  isolated  wells,  coupled 
wells,  and  superlattices.  For  a  simple  isolated  well  or 
weakly  coupled  multiple-well  structure,  the  intersubband 
Stark  shift  of  1.6  meV  blue  shift  (or  higher  energy  shift) 
is  reported  for  a  120A  GaAs  quantum  well  at  an  applied 
field  of  36  kV/cm  [2).  The  interband  Stark  shift  [3]  is  in 
reality  the  shift  of  the  exciton  transition  energy  under  the 
field.  The  exciton  shift  is  the  sum  of  two  components:  a 
blue  shift  of  the  binding  energy,  which  saturates  at  high 
electric  field,  and  a  red  shift  (or  lower  energy  shift)  of  the 
level-to-level  energy,  which  continues  to  increase  at  l'gh 
field  [4j.  Typical  interband  Stark  shift  is  only  10  meV  red 
shift  at  a  high  operating  field  of  100  kV/cm.  Conse¬ 
quently,  large  intersubband  and  interband  Stark  shifts 
usually  require  operating  at  very  high  electric  field,  which 
can  result  in  undesirable  high  leakage  current,  early 
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breakdown,  and  long  charging  time.  Other  isolated  well 
systems  have  been  studied.  The  compositionally  graded 
well  shows  an  enhanced  Stark  shift  |5],  while  the  para¬ 
bolic  well  shows  no  shifts  at  ail  |6J.  It  is  also  possible  to 
have  a  transition  from  the  bound  state  to  the  above-barrier 
unconfined  state  (7]-[9).  but  the  electric  field-induced  ef¬ 
fect  has  not  been  explored  in  this  case. 

Coupled  quantum  well  structures,  usually  consisting  of 
two  wells  separated  by  a  thin  (  <30  A  )  barrier,  prove  to 
have  a  Stark  shift  larger  than  the  single  quantum  well  for 
both  interband  [  10]— { 12]  and  intersubband  (13]  transi¬ 
tions.  However,  the  transitions  which  have  large  energy 
shifts  usually  have  small  oscillator  strengths  because  wave 
functions  of  the  states  involved  in  the  transitions  are  lo¬ 
calized  in  different  wells.  This  type  of  transitions  is  re¬ 
ferred  to  as  “interwell  transitions"  ( 12]  or  “oblique  tran¬ 
sitions”  in  real  space  [14]. 

For  superiattices,  which  consist  of  a  large  number  of 
coupled  wells,  recent  theoretical  and  experimental  results 
have  shown  that  the  interband  absorption  edge  effectively 
blue  shifts  when  an  electric  field  is  applied  (14],  [17]. 
This  mechanism  is  different  from  that  of  an  isolated  well 
in  that  the  superlattice  minibands  become  ladder-like  dis¬ 
crete  energy  levels  under  a  strong  electric  field,  that  is, 
the  miniband  bandwidth  shrinks,  and  the  effective  band- 
gap  of  the  superiattices  increases. 

In  this  paper,  we  shall  discuss  another  type  of  quantum 
well  structures,  which  are  constructed  by  embedding  small 
well(s)  in  a  big  well.  Large  Stark  energy  shifts  as  well  as 
large  oscillator  strengths  can  both  be  achieved  for  transi¬ 
tions  from  the  local  states  in  the  small  wells  to  the  global 
state  in  the  big  well.  This  new  type  of  transitions  is  re¬ 
ferred  as  the  local  state-to-global  state  (LOG)  transition. 
Several  possible  structures  are  described  in  Section  II,  and 
detailed  calculations  of  eigenstates,  wave  functions,  and 
oscillator  strengths  as  a  function  of  the  applied  field  are 
presented  in  Section  III. 

II.  Wave-Function  Engineering  of  a  Wel  .-Inside- 
Well  Structure 

In  this  section,  first  we  will  define  the  notations  and 
review  the  simple  isolated  v/ell  results.  Then  the  concept 
of  using  local  states  and  global  states  to  achieve  a  high 
Stark  shift  and  oscillator  strength  is  described  and  illus¬ 
trated.  Finally,  the  LOG  transition  is  compared  to  other 
types  of  transitions  such  as  the  bound-to-unconfined  tran¬ 
sition  in  other  quantum  well  systems. 
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A.  Notations  and  Review 

The  AI,Gai_,  As/GaAs  hcicrosystcm  with  a  0.6: 0.4 
conduction-to-valcnce  band  offset  ratio  is  used.  Only  the 
transitions  involving  the  conduction  and  the  heavy  hole 
valence  bands  near  the  P  point  arc  considered.  Each  of 
the  quantum  well  layers  is  denoted  by  the  short-hand  sym¬ 
bol  (Mk )  where  M  is  the  number  of  monolayers  (one 
monolayer  =  2.83  A  )  and  x  is  the  Al  mole  fraction  in 
Al,Gai_,As.  For  example,  the  structure  { 50, ) 
(25015I)225<|)  ( 50, )  consists  of  two  25-monolayer  (70  A  ) 
GaAs  wells  with  a  15-monoiayer  (42  A)  Alo,2Ga„.RAs 
barrier  inserted  in  between.  The  whole  structure  is  clad 
inside  two  thick  AlAs  barriers  of  50  monolayers  (142  A  ). 
Later,  the  symbol  ( 50( )  will  be  dropped  for  convenience. 
Two  different  compositions  of  Al  are  usually  required  and 
are  usually  accomplished  using  two  Al  (or  Ga)  crucibles 
in  molecular  beam  epitaxy  (MBE)  systems.  For  illustra¬ 
tion.  all  the  structures  for  intersubband  transitions  are  de¬ 
signed  for  a  central  transition  energy  0.124  eV  or  10  pm 
in  wavelength.  The  eigenenergies  and  wave  functions  arc 
calculated  by  a  transfer  matrix  method  within  the  frame¬ 
work  of  envelope  function  approximations.  This  method 
has  been  used  in  a  previous  paper  1 13].  and  the  formula 
of  oscillator  strength  and  absorption  coefficient  for  inter¬ 
subband  transitions  is  defined  therein.  Throughout  this 
paper,  the  sublevel  energies  are  calculated  in  reference  to 
the  center  of  the  well.  As  an  example,  the  energies  of  the 
first  two  conduction  sublevels  ( 1,..  2,.)  and  the  ground 
heavy  hole  sublevel  ( 1* )  are  shown  in  Fig.  1  as  a  function 
of  the  applied  electric  field  for  a  simple  quantum  well 
structure  (330).  At  low  electric  field  ( ^30  kV/cm),  all 
the  energies  of  the  states  are  basically  constant  (with  re¬ 
spect  to  the  well  centroid)  since  the  electrons  or  holes  see 
an  equal  average  depth  of  the  square  or  trapezoid  poten¬ 
tial.  At  high  electric  field  ( & 30  kV/cm),  the  lowest  states 
( 1,.  and  1/, )  see  a  triangular  potential,  and  their  wave  func¬ 
tions  shift  io  the  deep  side  of  the  triangular  well,  lowering 
the  energies  with  respect  to  the  well  center.  The  lower  the 
energy  level  is,  the  easier  it  can  be  affected  by  the  electric 
field.  A  simple  guideline  for  a  single  well  under  an  ap¬ 
plied  bias  can  be  concluded  as  follows.  The  hound  state 
energy  is  a  constant  with  respect  to  the  well  centroid  as 
long  as  the  potential  drop  across  the  well  is  smaller  than 
the  bound  state  energy. 

B.  Examples  of  LOG  Transitions 

A  step  well  structure  (37„.2260)  as  shown  in  Fig.  2(a) 
can  be  considered  as  one  small  well  (26„)  inside  a  big 
well  ((37  +  26 )(,:).  The  ground  conduction  sublevel  ( I, ) 
at  47  4  meV  is  inside  the  small  well  and  its  wave  function 
is  localized  therein,  while  the  second  state  (2, )  at  163.0 
meV  is  above  the  barrier  (barrier  height  of  149.6  mcV ) 
and  its  wave  function  is  oscillatory  over  the  entire  big 
well:  hence,  we  have  the  name  “global  state.”  With  an 
applied  field  of  30  kV/cm,  the  I,  state  tracks  the  tenter 
of  the  small  well,  while  the  2,  state  tracks  the  center  of 
the  big  well  as  in  a  single  well  case.  Our  calculation  shows 
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Fig.  1.  Sublevel  energies  of  a  single  quantum  well  simeiurc  ( 33„  1  as  a 
function  of  the  electric  Ik  Id  for  the  first  two  conduction  sublevels  I,  and 
2.  and  the  ground  heavy  hole  sublevel  I*.  Shown  in  the  insets  are  the 
band  diagram  at  the  Hat  band  (left)  and  under  bias  (right),  respectively. 
The  energies  of  the  conduction  and  heavy  hole  sublevels  arc  referenced 
to  the  centroids  of  the  wells  in  the  conduction  and  valence  hand  edges, 
respectively.  All  the  levels  are  constant  at  low  field  and  drop  at  high 
field.  The  lower  the  sublevels  are.  the  more  sensitive  they  are  to  the 
applied  held. 
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Fig  2  Quanlum  well  structures  tor  LOO  transitions.  The  conduction  hand 
edges  and  sublevels  of  three  wcll-insidc-wcll  structures  are  shown  in 
Hatband  condition  (left)  and  under  30  CV/cm  field  (right).  The  three 
structures  arc  (a)  step  well  (37,,  ..26,,).  <b)  double  coupled  we.. 
(26,,3()„  ,26,,).  and  (cl  triple  coupled  well  (25,20,,  .2Su20„  .25,,).  In  the 
Hatband  condition,  the  I.  and  2,  stales  in  the  double  well  case  and  the 
2.  and  3,  states  in  the  triple  well  case  arc  loo  dose  to  be  distinguished 
in  our  plot. 


(hat  the  centeR.  of  these  two  wells  have  a  potential  drop 
15.7  mcV  while  the  calculated  Stark  shift  is  10.1  meV, 
and  the  oscillator  strength  remains  large  from  0.65  to  0.81 
(typical  of  1  for  a  simple  well).  Unlike  the  interwell  tran¬ 
sition  in  a  coupled  well  structure  where  only  the  tails  of 
the  wave  functions  arc  overlapped,  the  global  wave  func¬ 
tion  for  the  LOG  transition  covers  the  entire  local  wave 
function,  thus  maintaining  a  high  oscillator  strength. 


yuh  and  wanc.  i.akci-  stark  i-i-riK'rs  i-or  transitions  from  local  to  c.loiial  staihs 


1673 


TAULH I 
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Transition 

Initial 

Sttuelures 

Typo 

Slate 

/■•  =  0 

/•'  =  30  kV/eni 

Stark  Shill 

37„  ;26„ 

1.  -  2, 

47.4  meV 

E  =  0.1156  cV 

E  =  0.1257  eV 

10. 1  meV 

intersuhbund 

OS  =  0.65 

OS  =  0.81 

blue  shift 

transparent 

opaque 

26,,30„  .26., 

t.  “*  4. 

37.7  meV 

E  =  0.1242  oV 

E  =  0.1426  eV 

18.4  meV 

inlersubhand 

OS  =  0.54 

OS  =  0.24 

hlue  shift 

opaque 

transparent 

23,20,,  ,03, , 

2.  -  3. 

58.4  meV 

E  =  0.1234  oV 

E  =  0.1068  eV 

16.6  meV 

intersubband 

OS  =1.14 

OS  =  0.50 

red  shift 

opuque 

transparent 

27mI7„  .27, , 

1.  -  3. 

42.4  meV 

E  o  o.l  141  eV 

A'  =  0.1237  cV 

9.6  meV 

intersubhand 

OS  =  0 

OS  =  0.75 

hlue  shift 

transparent 

opuque 

•Vi  *1  1  VI 

-’ll-  >11  t*-*1!! 

i.  -  3. 

48.4  meV 

E  =  0. 1 1 19  eV 

E  =  0.1229  eV 

il.OmeV 

inlersubhand 

OS  =  0 

OS  =  0.48 

blue  shift 

transparent 

opuque 

29,22,,  ,,29., 

I.  -  A 

36.7  meV 

E  =  0.1248  eV 

E  =  0.1477  eV 

22.9  meV 

inlersubhand 

OS  =  0.66 

OS  =  0.12 

hlue  shill 

opaque 

transparent 

25„20„  .25,20,,  ,25,, 

1,  -  4, 

41.4  meV 

E  =  0.1045  eV 

E  =  0.1250  cV 

20.5  meV 

inlersubhand 

OS  =  0.54 

OS  =  0.47 

hlue  shift 

1 l,,35„ ,  1 1„ 

transparent 

opaque 

1*-  1. 

E  =  1.608  cV 

E  =  1.585  eV 

16  meV 

interband 

01  =  0.78 

01  =  0.22 

red  shift 

transparent 

opaque 

More  than  one  small  well  can  be  embedded  in  a  bjg 
well.  Examples  are  given  for  double  coupled  well  and  tri¬ 
ple  coupled  well  structures  as  shown  in  Fig.  2(b)  and  (c). 
For  the  case  of  double  (triple)  coupled  wells,  the  lr  and 
2C  ( lf,  2f,  and  3,.)  states  are  localized  to  the  small  wells, 
while  the  3,.  and  4r  (4,..  5,.,  etc. )  states  are  above  the  bar¬ 
riers  and  are  global  states  belonging  to  the  big  well.  When 
the  electric  field  is  applied,  the  1,.  and  2r  states  track  the 
centroids  of  the  right  and  left  wells,  respectively,  while 
the  3r  and  4r  states  track  the  centroid  of  the  big  well.  Thus, 
both  blue  and  red  shifts  are  possible  for  the  optical  tran¬ 
sitions  from  the  lr  and  2r  states  to  the  3r  and  4f  states, 
respectively,  as  shown  in  Fig.  2(b).  The  energies  of  the 
shifts  are  approximately  equal  to  the  relative  potential  dif¬ 
ference  of  the  centroids  of  the  respective  small  wells  and 
big  well.  The  results  are  summarized  in  Table  I.  Typical 
Stark  shift  is  about  one  order  of  magnitude  larger  than  that 
in  the  single  quantum  well  case,  while  the  oscillator 
strength  is  still  about  half  of  the  single  well  value.  Phys¬ 
ically,  the  local  wave  function,  which  is  confined  in  one 
small  well,  is  overlapped  by  about  half  of  the  global  wave 
function,  which  runs  through  its  entire  structure. 

More  subwells  can  be  used  to  provide  a  larger  Stark 
shift,  but  at  the  expense  of  having  a  smaller  oscillator 
strength.  The  largest  energy  shift  results  when  the  wave 
function  of  the  small  well  is  localized  in  either  the  left¬ 
most  or  the  rightmost  well.  In  case.-.,  the  potential  drop  is 
the  largest  relative  to  the  centroid  of  the  big  well.  There 
are  two  reasons  for  which  an  oscillator  strength  becomes 
smaller  as  the  number  of  the  subwells  increases.  First, 
suppose  that  there  are  N  coupled  quantum  wells,  each  of 


the  local  states  can  share  only  a  1  /N  of  the  global  states. 
Thus,  the  oscillator  strength  is  expected  to  drop  to  1  /N 
the  value  of  the  single  well  structure.  Second,  as  the  num¬ 
ber  of  wells  increases,  the  boundaries  of  the  big  well  (the 
AlAs  well)  become  far  apart,  i.e.,  the  big  well  width  be¬ 
comes  wider.  This  causes  a  lowering  of  the  global  state 
energies  and  the  global  states  can  be  easily  affected  by  the 
applied  field.  From  another  point  of  view,  the  global  states 
are  affected  partly  by  the  boundaries  of  the  big  wells,  and 
partly  by  the  small  wells.  As  the  boundaries  of  the  big 
well  become  far  apart,  the  small  wells  play  a  more  im¬ 
portant  role.  When  electric  field  is  applied,  the  global 
states  above  the  central  barrier  move  down  and  become 
localized  to  the  small  wells.  When  this  occurs,  the  feature 
of  LOG  transitions  is  lost. 

The  concept  of  using  local  states  and  plobal  states  for 
a  large  Stark  effect  is  also  applicable  for  the  interband 
transitions.  For  such  applications,  the  barrier  height  and 
well  width  of  the  step  and  coupled  quantum  well  structure 
should  be  chosen  so  that  the  ground  heavy  hole  state  is 
localized  while  the  ground  conduction  state  is  a  global 
one.  This  condition  is  usually  satisfied  since  the  heavy 
hole  has  a  much  heavier  effective  mass  than  the  electron 
and  is  easily  confined. 

C.  Relation  to  Other  Types  of  Transitions 

In  the  following,  we  will  compare  the  LOG  transitions 
to  the  transitions  in  single  well  and  simple  conventional 
coupled  well  structures.  First,  we  will  shoA  that  the  tran 
sition  in  a  single  quantum  well  under  a  -.tiring  electric 
field,  which  has  a  large  Stark  shift,  is  a  LOG  type  of  tran 
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sition.  As  ihe  electric  field  increases,  the  bottom  of  a 
square  well  becomes  tilted  Referring  to  the  right  inset  of 
Fig.  1.  the  1/,  state  first  senses  this  triangular  potential 
because  the  1/,  state  has  a  lower  energy  resulting  from  a 
heavier  effective  inass.  As  the  wave  function  of  the  l;, 
state  becomes  localized  to  the  deep  (left)  side  of  the  tri¬ 
angular  well,  the  1/,  state  energy  will  track  the  deep  side 
instead  of  the  center  of  the  well.  As  long  as  the  I,  state 
remains  global,  the  I,,  -*  I,  interband  transition  has  a  typ¬ 
ical  feature  of  a  LOG  transition.  When  the  electric  field 
is  increased  further,  the  1,  state  also  becomes  a  local  state. 
The  I,  -♦  2,  intersubband  transition  is  then  a  LOG  type 
of  transition  and  has  a  large  Stark  shift.  The  l/t  -*  1,  tran¬ 
sition  under  such  a  large  field  is  no  longer  a  LOG  transi¬ 
tion.  but  rather  an  interwell  transition  characterized  by  a 
drop  of  the  oscillator  strength  since  the  deep  sides  of  the 
triangular  potential  for  the  conduction  and  valence  bands 
arc  located  on  the  opposite  sites  of  the  well.  The  step  well 
structure  discussed  in  Section  1I-B  is  a  modification  of  this 
triangular  potential.  Since  the  step  well  has  a  local  and 
global  state  even  in  the  flatband  condition,  the  step  well 
can  have  a  large  Stark  shift  at  low  bias.  Another  modifi¬ 
cation  of  this  tilted  potential  for  a  single  well  under  bias 
is  the  graded  gap  quantum  well  proposed  in  [5j.  which 
follows  the  same  principle  of  the  LOG  transition. 

Second,  we  will  see  the  relation  of  a  LOG  transition  to 
the  conventional  coupled  well  transition.  Although  most 
of  the  structures  for  LOG  transitions  employ  a  coupled 
well  structure,  the  LOG  transition  is  different  from  the 
conventional  coupled  well  transitions  in  two  aspects. 
First,  as  far  as  the  nature  of  transition  is  concerned,  the 
LOG  transition  occurs  between  the  local  state  and  the 
above-barrier  global  state,  whereas  the  conventional  tran¬ 
sitions  occur  between  two  local  states.  Second,  concern¬ 
ing  the  structure,  the  coupled  quantum  well  structures  for 
LOG  transitions  usuall;'  have  a  thick  and  low  barrier, 
whereas  those  for  conventional  coupled-well  transitions 
usually  employ  a  thin  barrier  [13].  The  LOG  transition 
requires  a  clear  distinction  of  the  local  and  global  states, 
whereas  conventional  transitions  require  all  the  states  to 
be  strongly  coupled.  . 

The  LOG  transition  is  also  different  from  the  bound-to- 
unconfined  state  transition  although  both  involve  the  be¬ 
low-  and  above-barrier  states  For  the  latter,  the  uncon¬ 
fined  states  in  a  superlattice  are  generated  by  the  below- 
barrier  potential,  whereas  the  global  states  in  a  LOG  tran¬ 
sition  are  generated  and  confined  by  the  big  well.  The 
global  slates  of  LOG  transitions  are  usually  high  in  energy 
and  thus  insensitive  to  the  applied  electric  field,  whereas 
the  unconfined  states  are  easily  localized 

However,  all  conventional  transitions  referred  to  above 
can  be  in  some  sense  treated  as  a  LOG  transition  under 
strong  electric  field  as  the  initial  state  becomes  more  lo¬ 
calized  than  the  final  state  This  coTespondence  is  appli¬ 
cable  to  both  interband  and  intersubband  optical  transi¬ 
tions. 

In  summary,  the  features  of  the  LOG  transition  are  as 
follows. 

I )  The  quantum  v  ell  structures  consist  of  small  vsdl(s) 
embedded  in  a  big  well. 
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2)  The  local  states  are  those  states  confined  by  the  small 
wells.  Under  applied  field,  their  wave  functions  become 
localized  in  the  small  wells  and  their  energies  track  the 
centroids  of  those  small  wells. 

The  global  states  are  the  states  confined  by  the  big  we'l 
and  their  wave  functions  distribute  throughout  the  whole 
big  well,  even  under  applied  field.  The  global  states  track 
the  centroid  of  the  big  well. 

3)  The  number  of  the  small  wells  is  limited  to  only  a 
few  (one-four)  so  that  the  local  state  can  share  a  signifi¬ 
cant  portion  of  the  global  state  and  thus  maintain  a  large 
oscillator  strength.  There  must  be  a  distance  between  the 
centroids  of  the  big  and  small  wells  in  order  to  have  a 
relative  potential  drop  between  these  centroids  and  thus 
to  achieve  a  large  energy  shift  by  applying  an  electric 
field. 

Ill.  Theorectical  Results 

We  will  restrict  our  discussion  to  the  case  of  two  wells 
embedded  in  one  well,  the  structure  (26030(, . ,  260)  in  Fig. 
2(b).  The  analysis  of  other  structures  is  similar  and  the 
results  are  summarized  in  Table  I.  Our  discussion  is  pre¬ 
sented  in  four  parts:  wave  functions,  sublevel  energies, 
oscillator  strengths,  and  a  brief  discussion  of  the  design. 

A.  Wave  Function 

The  wave  functions  of  the  lowest  four  states  are  cal¬ 
culated  for  two  bias  conditions  as  shown  in  Fig  3.  Fig. 
3(a)  shows  the  wave  functions  without  applied  field.  In 
Fig.  3(b),  the  lr  and  2,.  wave  functions  become  localized 
to  the  right  and  left  wells,  respectively,  under  a  30  kV/cm 
electric  field,  while  the  3f  and  4r  wave  functions  are  less 
affected  by  the  electric  field.  The  sublevel  energies  of  the 
local  states  lr  and  2r  seem  to  track  the  centroids  of  the 
right  and  left  wells,  respectively,  whereas  the  global  states 
3r  and  4r  track  the  centroid  of  the  big  well  (or  equiva¬ 
lently,  the  centroid  of  the  central  barrier). 

B.  Sublevel  Energy 

Fig.  .hows  the  sublevel  energies  as  a  function  of  the 
electric  field.  The  \c  and  2C  states  are  coupled  states  and 
have  the  following  characteristics.  At  low  field,  their 
energies  have  a  quadratic  dependence  on  the  electric  field, 
which  can  be  explained  by  perturbation  theory  j  18),  [  19|. 
As  the  field  increases  to  a  point  such  that  the  potential 
drop  across  the  well  is  on  the  order  of  the  coupjed-state 
splitting  energy  ( 1,.  2r  transition  energy),  the  field  de¬ 
pendence  of  the  sublevel  energy  becomes  linear  and  their 
wave  functions  begin  to  be  localized  1 19]  to  the  right  and 
left  small  wells,  respectively.  In  the  present  case,  the  crit¬ 
ical  field  for  localizing  the  1,  and  2,  states  is  about  3 
kV/cm. 

On  the  other  hand,  the  3,  and  4,  .states  result  from  single 
well  confinement,  characterized  by  their  energies  being 
independent  of  the  electric  field.  If.  however,  one  were  to 
consider  the  3,  and  4,  states  as  coupled  states,  their  split¬ 
ting  energy  (3,  4, )  is  about  50  meV  and  the  critical 

field  for  localization  would  be  22  kV/cm.  Since  they  re¬ 
main  constant  even  at  the  field  100  kV/cm,  they  are  more 
like  single  well  states  than  coupled  well  states. 
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Fig.  3.  W»ve  function*  of  the  lowest  four  conduction  sublevels  for  the 
double  well  structure  (26„30„  t26„)  (u)  in  ttatbund  condition,  and  (bl 
under  30  kV/cm.  When  the  field  is  applied,  the  ground  and  second  states 
become  localized,  while  the  third  and  fourih  states  do  not.  It  is  also  noted 
that  the  ground  and  second  states  track  the  centroids  of  the  right  and  Ic'.t 
small  wells,  respectively,  whereas  the  third  and  fourth  states  truck  the 
centroid  of  the  big  well  (or  the  central  harrier). 


Fig  4  Sublevel  energies  as  a  liineiion  ol  applied  held  lor  the  lowest  lour 
conduction  sublevels  nt  the  same  douhle  well  structure  in  Fig  3  The 
lowest  two  suhlcvels  arc  sensitive  to  the  applied  held,  whereas  the  third 
and  lourth  levels  arc  not  Optical  iransitioiis  l nun  die  lower  to  the  oppci 
two  states  arc  thus  electric-held  tunable 


It  is  noted  that  for  conventional  coupled  well  structures, 
ihc  3,.  and  4,  states  are  usually  below  the  barrier  and  arc 
coupled  well  states,  having  a  typical  splitting  energy  five 
times  larger  than  the  l(.  —  2,  splitting  energy.  When  the 
applied  field  lies  between  the  critical  fields  of  localizing 
ihc  lower  states  ( I,  and  2,.)  and  upper  states  (3,.  and  4,.). 
the  lower  states  arc  localized  and  the  upper  ones  remain 
global,  and  the  transitions  from  lower  states  to  upper  states 
can  be  treated  as  in  a  LOG  type  of  transition.  However, 
when  (he  applied  field  goes  beyond  the  critical  field  of 
localizing  the  upper  states,  all  the  states  involving  the 
transitions  become  localized  and  the  strength  of  transition 
drops  because  there  is  less  overlap  between  the  states  lo¬ 
calized  in  different  wells. 

C.  Oscilh.\>r  Strength 

The  oscillator  strength,  which  indicates  whether  the 
transition  is  allowed  or  forbidden,  is  an  important  param¬ 
eter  for  choosing  which  transition  to  use.  For  N  identical 
coupled  wells  (i.e.,  finite  supcrlattice)  in  a  structure,  the 
subbands.  each  of  which  consists  of  a  group  of  N  sublev¬ 
els.  are  formed.  The  allowed  transitions  from  any  sub¬ 
level  in  the  ground  subband  to  a  sublevel  in  the  second 
subband  are  i  2N  -  i  +  I  where  1  <  /  <  N  is  the 
index  for  the  sublevels.  However,  this  selection  rule  is 
relaxed  when  an  electric  field  or  well  asymmetry  is  intro¬ 
duced.  The  oscillator  strength  will  decrease  for  the  ini¬ 
tially  allowed  transitions,  but  increase  for  the  initially  for¬ 
bidden  transitions,  and  the  sum  of  all  the  oscillator 
strengths  remains  unchanged  (the  Sum  rule).  This  situa¬ 
tion  is  iilustrated  in  Fig.  5  for  the  oscillator  strengths  of 
the  i,.,  2,.  -*  3,.,  4f  transitions.  The  lr  -»  4,.  and  2,.  -♦  3,. 
are  allowed  transitions  at  zero  electric  field  and  their 
strengths  drop  as  the  field  increases.  The  I,.  -♦  3,.  and  2r 
-*♦  4(.  are  initially  forbidden  and  their  strengths  increase 
as  the  field  increases  up  to  about  40  kV/cm. 

D.  Design  Consideration 

We  briefly  discuss  the  design  of  an  LOG  transition  by 
a  double  coupled  well  structure.  First  of  all.  in  choosing 
the  transitions,  the  ground  state  1,.  is  preferred  as  the  ini¬ 
tial  state  for  inlersubband  absorptions  since  the  gound 
state  is  heavily  occupied.  In  choosing  the  final  state,  it  is 
noted  that  the  4,  energy  is  higher  than  the  3,..  and  thus  is 
less  affected  by  the  applied  field.  But  since  the  4,.  state  is 
only  weakly  interactive  with  the  1,.  state,  the  1,  -*  4,.  os¬ 
cillator  strength  is  small. 

Second,  the  effect  of  the  well  width  is  considered.  A 
wider  well  has  a  lower  ground  state  and  thus  has  large 
carrier  accumulation  in  the  ground  state  for  intersubband 
transitions.  But  the  well  cannot  be  too  wide  to  have  the 
upper  levels  dropping  below  the  barrier  and  becoming  lo¬ 
calized.  On  the  other  hand,  a  narrower  well  is  preferred 
for  interband  transitions  to  ensure  that  the  ground  con¬ 
duction  sublevel  is  above  the  small  barrier.  But  the  well 
cannot  be  so  narrow  that  the  ground  heavy  hole  sublevel 
also  becomes  delocalized. 

Third,  the  effects  of  the  barrier  width  and  height  are 
considered.  A  wider  barrier  is  desired  to  have  a  htgh  de¬ 
gree  of  localization  of  the  small  well  state,  but  it  should 
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Fit:.  5.  Electric  ltd J  dependence  of  the  oscillator  strength  tor  the  same 

structure  in  Fig.  At  zero  held,  only  I  —  4  and  2  —  3  transitions  are 

allowed.  This  selection  rule  is  relaxed  when  the  field  is  applied. 

not  be  so  wide  that  the  big  well  states  are  lowered  to  be¬ 
come  localized.  A  lower  (but  not  too  low)  barrier  is 
needed  to  have  a  clear  distinction  of  the  bilow-barrier  lo¬ 
cal  state  and  the  above-barrier  global  state  for  a  given 
transition  energy. 

Finally,  the  well  asymmetry  has  the  effect  similar  to 
that  of  applying  a  small  electric  field,  i.e.,  the  initial  state 
(the  local  state)  is  localized  even  in  the  absence  of  an  ap¬ 
plied  field  |20j.  This  asymmetry  will  affect  the  oscillator 
strength  in  the  zero-field  condition,  but  it  has  little  effect 
when  the  electric  field  is  applied.  The  effect  of  the  well 
asymmetry  for  some  transitions  may  not  be  important  as 
explained  below.  For  example,  the  I,.  -♦  4,  oscillator 
drops,  while  the  2,.  -*  4,.  strength  increases  when  a  small 
well  asymmetry  is  introduced  (see  Fig.  5).  Because  the 
sum  of  these  two  strengths  nearly  conserves  and  their 
transition  energies  are  close  to  each  other,  the  overall 
strength  in  the  neighborhood  of  the  transition  energy 
should  remain  unchanged. 

IV.  Conclusion 

In  conclusion,  we  have  reexamined  the  optical  transi¬ 
tions  in  semiconductor  quantum  well  structures  under  an 
applied  electric  field.  The  LOG  type  of  transition,  i.e., 
transitions  from  local  states  to  global  states,  is  introduced 
and  shown  to  have  both  a  large  Stark  shift  and  oscillator 
strength.  Many  structures  have  been  found  to  have  a  LOG 
type  of  transition,  among  them  are  the  step  quantum  well 
and  the  coupled  well  structures  with  two  or  more  smail 
wells  embedded  in  a  big  well.  The  basic  feature  of  these 
structures  is  to  embed  small  well(s)  in  one  big  well,  and 
there  must  be  a  relative  distance  among  the  cenuoids  of 
the  small  wells  and  »bc  big  well.  Calculated  re  -oils  of  the 
Stark  effect  for  some  of  the  structures  are  summarized  in 
Table  I.  Although  an  Al,Gu, .  As/GaAs  system  »>  used 
to  illustrate  this  concept,  the  LOG  transition  is  applicable 
to  any  general  quantum  well  structure. 

While  the  oscillator  strength  decreases  by  about  50  per 
cent,  the  Stark  sml't  in  LOG  transitions  Is  orders  of  mag¬ 
nitude  large  'bun  the  conventional  transitions  in  quantum 
wells.  Thus,  the  LnG  trammon  cun  find  applications  in 
low-currem  and  high-speed  optoelectronic  devices. 
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We  have  theoretically  studied  the  field-dependent  optical  properties  of  a  step  quantum-well 
structure,  which  consists  of  a  small  well  inside  a  big  well.  The  wave  functions  of  the  small  and 
big  wells  overlap  and  their  eigenenergies  have  different  field  dependencies.  The  transition  from 
a  small-well  state  to  a  big  well  state  thus  gives  a  large  Stark  shift  at  low  applied  field  without 
degrading  the  oscillator  strength.  Another  advantage  is  to  allow  optical  transitions  that  are 
forbidden  in  simple  single-well  structures.  This  relaxation  of  the  selection  rule  makes  it 
possible  to  provide  optical  pumping  for  intersubband  lasing.  Also,  since  the  step  well  is 
asymmetric,  many  nonlinear  properties  are  expected. 


I.  INTRODUCTION 

Optical  transitions  in  a  square  quantum  well  have  been 
studied  for  possible  applications  in  optical  switching.  The 
energy  shift  of  the  interband 1  or  intersubband2  transition 
under  an  applied  electric  field  (the  Stark  shift)  is  usually 
small.  In  coupled  quantum  wells,3-5  on  the  other  hand,  the 
Stark  shifts  are  large  but  the  oscillator  strengths  are  small 
since  these  shifts  are  caused  by  an  “interwell”  type  of  transi¬ 
tions.4  There  seems  to  be  a  tradeoff  for  achieving  both  large 
shifts  and  strengths  in  the  above-mentioned  cases. 

In  this  paper,  we  discuss  an  alternative  quantum-well 
structure — the  step  quantum  well.  For  such  a  step  well,  both 
large  Stark  shift  and  oscillator  strength  can  be  achieved. 


II.  ANALYTIC  DISPERSION  RELATION 

First  we  will  derive  an  analytic  dispersion  relation  for  a 
step  quantum  well.  The  step-well  structure  consists  of  two 
layers  A  and  B  with  layer  widths  LA  and  LB  bounded  by  two 
thick  barriers  as  shown  in  Fig.  1.  To  analyze  this  structure 
we  note  that  the  energy  states  and  wave  functions  for  quan¬ 
tum-well  structures  of  arbitrary  potential  shapes  have  been 
derived  using  a  transfer  matrix  method.5  The  energy  states 
are  found  by 

m*  _  Sn+K,/mfSn  j 

Kr  Si\  +  Ki/m*S22 

where  5  is  a  2x2  transfer  matrix  of  the  well  region  and  is 
explicitly  given  in  Ref.  6.  The  well  region,  which  may  have 
any  arbitrary  potential  profile,  is  assumed  to  be  bounded  by 
two  flat-band  barriers  with  potential  V,  and  Vr  (for  left  and 
right) .  The  wave  vectors  for  the  corresponding  left  and  right 
barriers  are 

k\  =  —  2mf/tf{E  —  2?(|  —  eV,), 

4=  —  —  En  -eVr), 

where  E  is  the  total  energy  and  =  f?k\/2m*,  &u  is  the 
wave  vector  parallel  to  the  quantum-well  layers,  and  m*' s 
are  the  effective  masses  in  the  corresponding  regions. 

For  infinite  barrier  height  approximation,  one  may  as¬ 
sume  V,,  Vr  -  co  or  k,,  Kr  —  oo  and  Eq.  ( 1 )  reduces  to  Sn 


=  0.  For  a  step-well  structure  referring  to  Fig.  1,  Eq.  (1) 
can  be  analytically  expressed  as 


_*/ 

m 


kALAJ!^LJ^-\ 
T  \  kA  m*m*)  V  kB  m*m*J 

(kBK,  [  KAKr  ml  \ 

V  kA  kB  m^m*) 


X  tan  kBLB  -f- 
X  tan  kALA  tan  kBLB  —  0, 


(2) 


where  the  wave  vectors  in  layers  A  and  B  are 
k  2  =  2m*/#{E  -  £„  -  eVA ),  k  \  =  2  m%/tf{E  - 

—  eVB),  and  mj,  m%,  VA,  VB  are  the  effective  masses  and 
potential  heights  in  the  two  regions. 

For  the  infinite  barrier  approximation,  Eq.  (2)  is  re¬ 
duced  to 


1 —  LAkA+~~  tan LBkB  -  0.  (3) 

kA  kB 

After  the  energy  levels  are  determined  from  Eq.  ( 2 ) ,  the 
wave  functions  can  be  constructed  from  any  initial  point, 
usually  the  well  boundary,  by  the  transfer  matrix  method.6 
Explicitly  the  wave  function  is 


A  B 


v, 


v. 


I - \yB 

AIoaGoosAs  AlojGaojAs  GaA)  Al0.iGa0.tA3 
La  Lb 


FIG.  1.  A  step  quantum  well  consisting  of  two  layers.  A:  A  Gao,  As. 

GaAs  bound  by  two  thick  Alo ,  Gao  6  As  barriers.  The  layer  thicknesses  of  A 
and  B  are  denoted  by  LA  and  LB,  respectively. 
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where  C  is  a  normalization  constant. 

Under  applied  field,  the  elements  of  the  transfer  matrix 
consist  of  Airy  functions,6  and  the  dispersion  relation  is  basi¬ 
cally  expressed  by  Eq.  ( 1 ),  although  the  exact  form  is  more 
cumbersome. 

III.  LINEAR  OPTICAL  ABSORPTION  UNDER  A  FIELD 

The  intersubband  transitions  under  an  applied  field  are 
discussed  first.  The  similar  analysis  is  then  applied  to  inter- 
band  transitions  and  the  results  will  be  briefly  discussed 
later. 


A.  Intersubband  transitions 

The  wave  functions  and  energy  states  for  the  lowest 
three  conduction-band  sublevels  ( lc,  2C,  and  3C )  are  shown 
in  Fig.  2  under  different  electric  fields.  This  step-well  struc¬ 
ture  consists  of  two  layers  A  and  B  bounded  by  two  thick 
(>200  A)  Al^Ga^As  barriers.  Layer  A  (the  shallow  side 
of  the  step  well)  is  120-A  Al02Gao8As  (or42  monolayers), 
and  layer  B  (the  deep  side)  is  70-A  GaAs  (or  25  mono- 
layers).  Later  we  will  use  the  notation  (4202  250)  to  repre¬ 
sent  the  above  structure  and  similar  notations  for  other  step- 
well  structures.  The  (250)  well  or  the  deep  side  of  the  step 


> 


4378 


J.  Appl.  Phys.,  Vol.  65.  No.  1 1, 1  June  1989 


P.  F.  Vuh  and  K.  L.  Wang 


4378 


Electric  field  (kV/cm) 

FIG.  3  Electric  field  dependence  of  the  lowest  three  states.  The  energy  is 
referred  to  the  center  of  the  whole  step  well.  The  ground  state  tracks  the 
center  of  the  small  well,  indicated  by  the  dashed  line.  While  the  higher  states 
arc  approximately  constant. 

well  is  referred  to  as  the  small  well,  and  an  imaginary 
[  (42  +  25)02 )  ]  well  is  the  big  well.  The  results  of  wave 
functions  and  eigenenergies  have  several  unique  features. 
First,  the  wave  functions  can  be  engineered  by  the  step  po¬ 
tential  to  have  a  localized  ground  state  and  delocalized  excit¬ 
ed  states.  The  ground  state  lc  has  energy  below  the 
Alo  jGao  gAs  barrier,  and  its  wave  function  is  localized  in 
the  small  well,  while  the  excited  states  2e  and  3C  belong  to  the 
big  well  and  their  wave  functions  oscillate  globally  in  the  big 
well.  Second,  the  sublevel  energies  of  different  wells  have 
different  field  dependencies.  The  lc  state  seems  to  track  the 
center  of  the  small  well  while  the  2C  and  3C  states  track  the 
center  of  the  big  well.  Third,  because  of  the  nonsymmetric 
nature  of  the  structure,  the  sublevel  energies  can  move  close 
or  far  apart  depending  on  the  direction  of  the  applied  field. 
Thus,  both  red  and  blue  shifts  (shift  to  longer  and  shorter 
wavelengths,  respectively)  can  be  obtained  by  simply  chang¬ 
ing  the  bias  direction. 

To  further  illustrate  the  second  and  third  results  dis¬ 
cussed  above,  we  have  shown  in  Fig.  3  the  electric  field  de¬ 
pendence  of  the  lowest  three  conduction  band  states.  The 
energy  is  referred  to  the  center  of  the  entire  step- well  struc¬ 
ture  The  second  and  third  states  (2C  and  3C)  are  nearly 


constant,  while  the  ground  state  ( lc )  shifts  linearly  with 
respect  to  the  step-well  center.  To  illustrate  that  the  ground 
state  actually  tracks  the  center  of  the  small  well,  we  have  also 
plotted  the  center  of  the  small  well  as  the  field  changes  in 
dotted  line.  From  Fig.  3  we  observe  that  the  lc-*2f  and 
1  e  -►  3e  intersubband  transitions  have  large  Stark  shifts,  typi¬ 
cally  one  order  of  magnitude  larger  than  that  of  the  single- 
quantum-well  case.  A  comparison  of  the  intersubband  Stark 
effect  for  a  step  well  and  a  simple  square  well  is  made  in 
Table  I.  It  is  noticed  from  the  table  that  both  red  and  blue 
shifts  are  possible,  depending  upon  the  polarity  of  the  field. 
In  addition  to  the  large  Stark  shifts,  the  oscillator  strengths, 
which  indicate  whether  a  transition  is  allowed  or  forbidden, 
also  retain  comparable  to  that  of  single-well  case.  The  oscil¬ 
lator  strength  as  a  function  of  the  applied  field  is  plotted  in 
Fig.  4(a).  The  lc  -*  3C  transition  has  a  comparable  strength 
as  the  1C-*2C  transition  for  this  case.  Unlike  the  coupled 
quantum-well  case  in  which  wave  functions  belonging  to  dif¬ 
ferent  wells  overlap  only  by  their  tails,5  in  the  step  well  given 
here  the  wave  function  localized  in  the  small  well  can  over¬ 
lap  appreciably  with  those  in  the  big  well.  Thus,  large  Stark 
shifts  as  well  as  large  oscillator  strengths  can  be  achieved  in 
the  step  quantum  well.  The  oscillator  strength  is  also  investi¬ 
gated  as  a  function  of  the  layer  width  LA  of  the  shallow  well 
(or  the  width  of  Al0 2  Gao  s As  layer)  as  shown  in  Fig.  4(b) . 
The  deep  well,  or  the  GaAs  layer  width  LB,  is  fixed  at  70  A. 
In  the  limit  when  LA  —0,  step  well  approaches  the  single¬ 
well  case  in  which  the  lc  —  3C,  transition  is  not  allowed.  As 
the  big  well  expands,  the  strength  of  lc — 3C  increases  to 
about  0.5  and  becomes  an  allowed  transition. 


B.  Interband  transitions 

For  interband  transitions,  we  first  notice  that  the  heavy 
hole  is  more  easily  confined  than  the  electron.  Thus,  it  is 
possible  to  have  the  ground  heavy-hole  sublevel  ( \h )  inside 
the  deep  side  while  the  ground  electron  sublevel  ( lc )  is  in 
the  shallow  side  of  the  step  well.  Since  the  sublevels  in  differ¬ 
ent  wells  track  different  centroids  of  the  wells  and  have  dif¬ 
ferent  field  dependencies,  the  \h  -  lc  transition  can  have  a 
large  Stark  shift,  meanwhile,  a  large  strength  is  retained  due 
to  a  large  overlap  of  the  wave  functions  just  like  the  intersub¬ 
band  case  discussed  earlier.  The  fundamental  absorption 


TABLE  I  Comparison  of  intersubband  Siaik.efTcv.ua  a  step  quantum  well  and  a  simple  squaie  well.  The  transition  encigy  (E)  and  osullaloi  strength  t05> 
are  calculated  for  a  step  quantum  well  (42q  2  250)  under  different  electric  fields  (F) 


Structures 

Transition 

o 

II 

F-  +  36  kV/cm 

£=  -36  kV/cm 

Stark  shift 
(meV) 

Step  well 

1,-2, 

£  =  112.0  meV 

OS  =  0.62 

£=123.2  meV 

OS  =  0.87 

£=  86.5  meV 
05=0.22 

+  11.2 
-25.5 

Step  well 

1,-3, 

£  =  141.0  meV 

OS  =  0.30 

£  =  169.8  meV 
05=0.08 

£=  121.9  meV 

05  =  0.63 

+  28.8 
-19.1 

Square  well* 

1,-2, 

£=89.2  meV 

OS  =  0.96 

£  =  90.8  meV 
05=0.95 

+  1.6 

‘From  Ref.  2  for  a  1 20- A  well  bound  by  Af,  5  Ga,  5  As  barriers. 
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(a)  Electric  field  (kV /cm) 


(b)  Layer  width  of  AlojGaojAs 


FIG  4  Oscillaiorslrengthasafunctionof(a)theapplie<lfieldand(b)the 
layer  width  LA ,  or  the  Alo ,  Gao,  As  barrier.  It  is  noted  that  both  1  -  2  and 
1  —  3  transitions  are  allowed  and  their  strengths  can  be  adjusted  by  applying 
an  electric  field  or  engineering  the  layer  widths. 


neglecting  the  exciton  effects  for  a  (450 , 1 10)  step  well  is 
shown  in  Fig.  5  under  different  applied  fields.  The  1*  -*  lc 
transition  has  a  6-meV  blue  shift  at  a  +  30-kV/cm  field  and 
a  13-meV  red  shift  at  a  —  30  kV/cm  field.  In  both  cases  the 
oscillator  strengths  remain  large.  A  similar  calculation  for  a 
square  well  ( 170 ),  which  has  a  transition  energy  of  1.608  eV, 
shows  only  a  0.2-meV  red  shift  at  a  field  of  30  kV/cm.  Unlike 
the  interband  transition  in  a  single  well  or  coupled  wells, 
where  only  a  red  shift  is  present,  the  transition  in  a  step  well 
can  have  a  blue  shift  as  well.  In  addition,  due  to  the  asymme¬ 
try  of  the  step  well,  its  electric  field  dependence  is  asymmet¬ 
ric. 

IV.  OTHER  APPLICATIONS 
A.  Intersubband  laser 

Recently  there  is  an  increasing  interest  in  the  infrared 
light  emission  from  intersubband  transitions  in  semiconduc¬ 
tor  quantum-well  structures.  Most  of  the  structures  pro¬ 
posed7"9  or  demonstrated10  use  current  injection  for  pump- 


Transition  energy  (eV) 


FIG.  5.  Fundamental  absorption  neglecting  the  exciton  effects  for  a 
(450.i  1 10)  step  well  under  different  applied  fields.  Both  red  and  blue  shifts 
are  possible  depending  on  the  polarity  of  the  bias. 

ing.  Here  we  discuss  the  possibility  of  optical  pumping  using 
one  of  the  unique  features  of  the  step  quantum  well,  i.e.,  the 
selection  rule  is  tunable. 

We  consider  the  lowest  three  conduction  sublevels  in  a 
(45017  260)  step  well.  The  energy  levels  are  designed  such 
that  we  have  E3l  zz  124  meV  which  can  be  pumped  by  a  C02 
laser;  E32~  28  meV  which  is  smaller  than  the  longitudinal 
optical  phonon  energy  ELO  (36  meV  for  GaAs);  and 
E2t  s;  96  meV  which  is  bigger  than  Elo.  We  assume  that  the 
structure  is  doped  and  the  ground  state  is  occupied  while  the 
other  higher  states  are  empty  in  thermal  equilibrium.  Since 
the  1 — 3  transition  is  allowed  in  this  step-well  structure  hav¬ 
ing  an  oscillator  strength  of  0.4,  carriers  can  now  be  effec¬ 
tively  pumped  to  the  third  level  by  a  C02  laser.  The  3-*  2 
transition  has  a  large  oscillator  strength  of  1 . 1 ,  which  implies 
a  high  radiative  recombination  rate.  And  it  is  expected  to 
have  a  long  nonradiative  recombination  lifetime  caused  only 
by  acoustic  phonon  scattering  (  —  300  ps)  because 
E32  <elo  a"d  the  optical  phonon  scattering  is  suppressed. 1 1 
Therefore,  the  3— 2  is  efficient  for  lasing  action.  While  the 
2—  1  transition  has  a  very  short  lifetime  caused  by  optical 
phonon  scattering(  — 10  ps), 12,13  a  fast  depopulation  of  level 
2  is  ensured.  The  population  inversion  can  be  estimated  by  a 
simple  rate  equation, 

kN=N3-N2 

_ _ [1  -  (t21/t32)]N _ 

(2+  (t21/t,j)]  +  (l/c/)[(l/r31)  +  (l/rM)]  ’ 

(5) 

where  N  is  the  total  population,  N,  is  the  population  in  level 
/,  tv  is  the  nonradiative  lifetime  between  levels  i  and  j, 
R  =  cI(Nx  —  N3)  is  the  pump  rate  of  the  C02  laser,  /is  the 
laser  intensity,  and  c  is  a  constant  proportional  to  the  1  —  3 
oscillator  strength.  If  the  laser  intensity  is  high  enough,  then 
the  population  inversion  becomes  AAr~AV2,  since  r21/ 
r32  <  0. 1  for  this  design  E2l>ELO  >E32.  If,  however, 
E32  >  E2\  >  Elo,  we  still  can  have  population  inversion  since 
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FIG.  6.  Calculated  second  harmonic  susceptibility  vs  field  for  a  step  quan¬ 
tum  well  <42q 2  250)  and  a  simple  square  well  (310),  which  has  the  same 
1, — 2C  transition  energy  1 12  meV.  The  unit  of  susceptibility  is  normalized 
to  the  single-well  case  at  a  field  50  kV/cm. 


V.  SUMMARY 

In  summary,  we  have  derived  analytic  solutions  of  the 
energy  states  and  wave  functions  for  a  step  quantum  well, 
which  consists  of  a  small  well  inside  a  big  well.  Optical  tran¬ 
sitions  from  the  states  in  the  small  well  to  the  states  in  the  big 
well  show  large  Stark  shifts,  and  at  the  same  time  retain  large 
strengths.  This  result  can  be  applied  to  a  low  current,  fast 
electro-optical  effect  utilizing'  interband  or  intersubband 
transitions  in  a  step  quantum  well.  Other  special  features  are 
that  the  selection  rule  is  different  from  the  simple  square  well 
case  and  can  be  applied  to  efficient  optical  pumping  for  light 
emission  by  intersubband  transitions,  and  that  the  well 
asymmetry  introduces  a  large  second-order  susceptibility. 
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a  larger  energy  separation  usually  has  a  longer  lifetime  even 
involving  optical  phonon  scattering.9  This  three-level  sys¬ 
tem  is  not  feasible  for  a  simple  square  well  structure  since  the 
transition  from  the  ground  to  the  third  or  higher  levels  is 
forbidden. 

B.  Second-order  nonlinear  properties 

Another  advantage  of  using  step-well  structures  is  to 
have  a  high  optical  nonlinearity  for  interband  and  intersub¬ 
band  transitions.  The  second-order  susceptibility  for  inter¬ 
subband  transitions  has  been  calculated  for  several  asym¬ 
metric  quantum-well  structures,  for  example,  a  Morse 
potential  well14  and  a  square  well  under  applied  field15,16; 
and  it  has  also  been  calculated  for  interband  transitions  for 
an  asymmetric  coupled  well.17  We  have  calculated  for  a  step 
well  the  second-harmonic  susceptibility,  which  is  propor¬ 
tional  to  |3/21|2(A/|,  -  M22)  for  a  two-level  system,  and  M0 
is  the  dipole  matrix  element  for  transition  between  levels  i 
and  j.  The  result  as  a  function  of  electric  field  is  shown  in  Fig. 
6  in  comparison  with  a  square  well  case.  It  is  noted  that  the 
step  well  has  a  much  larger  second-order  susceptibility  than 
the  single-well  case  calculated  in  Ref.  15. 
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Si/GexSi1_jr/Si  resonant  tunneling  diode  doped  by  thermal  boron  source 
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A  study  of  resonant  tunneling  of  holes  in  a  Si/GejrSil .  ,/Si  double  barrier  structure  doped  by  a 
thermal  boron  doping  source  is  presented.  The  source  consists  of  a  pyrolytic  boron  nitride 
crucible  and  uses  filament  heating.  Sharp  and  constant  doping  levels  between  1 X  10l7and4X  1019 
cm-3  are  obtained  with  a  maximum  Af-cell  temperature  of  ~1560*C.  The  double  barrier 
tunneling  devices  realized  by  this  source  shows  2.1/1  peak-to-valley  ratio  at  4.2  K  in  current- 
voltage  characteristics.  Magnetotunneling  measurements  confirm  that  both  the  light  and  heavy 
holes  participate  in  the  resonant  tunneling. 


Recently,  strained  layer  GeSi  heterostructures  have  attract¬ 
ed  considerable  attention  due  to  possible  Si-based  quantum 
well  and  superlattice  device  application.1-3  The  devices  en¬ 
gineered  using  the  valence  band  of  the  GeSi  system  have 
advantages  both  due  to  the  large  band  offset  as  well  as  the 
small  light-hole  mass.  However,  realization  of  such  devices 
in  this  system  has  been  hampered  mainly  due  to  difficulties 
of  achieving  desired  doping  concentrations  with  sharp  pro¬ 
files.  In  Si  molecular-beam  epitaxy  (Si  MBE)  Ga  and  B  are 
normally  used  as  p-type  dopants.  Ga  which  has  a  relatively 
higher  vapor  pressure  than  B  has  a  serious  problem  in  con¬ 
trolling  the  doping  profile.  The  difficulties  come  from  the 
long  residence  time  at  low  substrate  temperature  (T, )  as 
well  as  the  low  sticking  coefficient  at  high  T,  *  For  a  typical 
GeSi  growth  temperature  which  is  lower  than  550  *C,  this 
results  in  serious  smearing  of  the  doping  profiles.  Also,  the 
higher  ionization  energy  of  Ga  further  imposes  limitation  on 
the  achievable  carrier  concentrations. 

It  has  been  reported  that  B  has  a  very  short  residence  time, 
no  surface  segregation5,6,7  and  unity  sticking  coefficient. 
However,  B  has  a  low  vapor  pressure8  and  high  tempera¬ 
tures  (1300-2000*0  are  needed  to  obtain  an  appreciable 
doping  concentration.5,7,9  In  order  to  obtain  high  boron 
source  temperatures,  Kubiak  et  al.s  employed  a  direct  heat¬ 
ing  method  by  passing  electric  current  through  conductive 
crucibles  such  as  graphite  or  refractory  metals.  Recently, 
Andrieu  et  al.9  reported  a  technique  combining  electron 
bombardment  and  radiative  heating  in  boron  doping.  How¬ 
ever,  these  methods  have  several  drawbacks  arising  from  the 
complicated  cell  structures  necessary  to  obtain  such  high 
temperatures.  Several  groups  have  also  experimented  with 
boron  compounds  such  as  B203  (Refs.  6,10,1 1)  and  HB02 
(Ref.  12)  in  lieu  of  pure  boron  for  producing  boron  at  lower 
tf-cel!  temperatures.  Even  though  the  sticking  coefficient 
seems  to  be  independent  of  the  growth  temperature  in  the 
case  of  Bj03,  the  incorporation  of  oxygen  into  the  epitaxial 
film  at  low  growth  temperature  and  surface  segregation  of  B 
due  to  chemical  reaction  have  been  observed. 13  In  this  paper, 
we  present  characteristics  of  doping  profiles  achieved  by  a 
conventional  /f-cel'  designed  specifically  for  moderately 
high-temperature  operation  and  the  results  of  resonant  tun¬ 
neling  of  Si/GeSi/Si  double  barrier  diodes  doped  using  such 
a  source. 


In  the  experiment,  samples  were  grown  in  a  Si  MBE 
chamber  with  a  base  pressure  of  7  X 10“ 1 1  Torn  The  samples 
were  chemically  cleaned  by  the  Shiraki  method4  and  the  pro¬ 
tective  oxide  was  removed  in  situ  by  heating  the  substrate  at 
950  *C  for  ~  10  min.  The  performance  of  the  boron  source 
was  characterized  for  both  Si  and  GeSi  epitaxial  films  grown 
at  different  cell  temperatures.  The  doping  profile  and  the 
concentration  were  obtained  from  spreading  resistance 
(SR)  and  secondary  ion  mass  spectrometry  (SIMS)  mea¬ 
surements. 

First  we  estimated  the  temperature  range  for  the  neces¬ 
sary  boron  fluxes  to  obtain  the  required  doping  concentra¬ 
tions  using  the  equation15 

I=l.Wxl022PA/l2jAfT 

where  /  is  the  flux  at  the  sample  surface  in  molecules/cm3  s, 
P  is  the  partial  pressure  in  Torr,  A  is  the  area  of  the  source 
opening,  /  is  the  distance  between  the  source  and  the  sample, 
M  is  the  molecular  weight  and  Tis  the  temperature  of  the  cell 


Flu.  I.  Spreading  romance  measurement  uf &£  doped  Si  MBE  film.  Diffei- 
ent  B  doping  cell  temperatures  are  shown.  Si  flux  used  was  160  A/m. 
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in  Kelvin.  For  the  system  we  used,  A  =  0.73  cm2  and  /  =  15 
cm.  the  vapor  pressure  of  B  was  obtained  from  Ref.  8. 

Figure  1  shows  SR  measurement  data  of  a  boron  doped  Si 
film  grown  at  700  *C  substrate  temperature  and  the  growth 
rate  was  maintained  at  160  A/min  throughout  the  growth. 
The  boron  cell  temperature  was  varied  from  1300—1560  *C 
and  the  power  rating  of  the  cell  ts  280  W  at  ~  1560  'C.  The 
SR  data  exhibits  a  well-controlled  doping  profile  in  the  range 
of  1 X 10'7  to  4x  10”  cm-3.  Doping  concentration  changes 
more  than  one  decade  per  1000  A  as  seen  in  the  SR  data.  It  is 
noted  that  the  boron  ceil  temperature  of  only  1400  *C  is 
needed  to  obtain  the  10,s  cm-3  doping  level  for  a  reasonable 
growth  rate  of  2-3  A/s.  The  background  doping  level  is 
—  1 X 1016  cm-3.  Figure  2  shows  the  experimentally  ob¬ 
served  doping  concentrations  as  a  function  of  temperature 
compared  with  the  data  calculated  from  the  above  equation 
and  good  agreement  is  seen.  The  actual  abruptness  of  the 
doping  profile  should  be  better  than  that  shown  in  Fig.  1  due 
to  the  inherent  limitations  of  the  SR  measurement. 

In  order  to  obtain  a  better  estimate  for  the  abruptness  of 
the  doping  profile,  different  samples  were  grown  for  the 
SIMS  measurement.  The  structure  consists  of  four  periods 
of  intrinsic  Si  and  boron  doped  Si  layers.  The  growth  rate  of 
Si  was  48  A/min  and  substrate  temperature  was  kept  at 
530  'C.  The  boron  cell  temperature  of  1325  *C  was  used  to 
dope  the  p-Si  layers.  Thicknesses  for  each  layer  of  a  period 
were  100, 250, 500,  and  1000  A,  beginning  from  the  surface. 
The  SIMS  data  in  Fig.  3  show  an  abruptness  of  —one  dec¬ 
ade/200  A.  However,  the  slope  of  the  doping  profile  should 
be  even  better  considering  smearing  effects  from  the  ion  mix¬ 
ing  and  incomplete  coverage  of  primary  ions  over  the  sur¬ 
face.  Considering  these  effects  together  with  the  background 
signal  in  the  SIMS  system,  the  actual  doping  profile  should 
have  an  abruptness  better  than  the  SIMS  data  as  shown  in 
Fig.  3.  A  high  doping  concentration  of  — 5X 1017  cm-3  in 
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undoped  layers  seems  to  be  mainly  from  the  background  of 
the  SIMS  system. 

To  investigate  the  performance  of  devices(using  the  above 
boron  source,  we  have  fabricated  a  Si/Gco^Sioj/Si  double 
barrier  tunneling  structure  on  a  low  resistivity  (0.01  ft  cm) 
Si  (100)  wafer.  Ge  was  evaporated  from  a  conventional 
Knudsen  cell.  The  growth  temperature  was  530  *C.  The  Si 
and  Ge  deposition  rates  were  45  and  30  A/min,  respectively. 
The  structure  of  the  sample  consists  of  a  double  barrier 
structure  sandwiched  between  a  7000-A  Gebi4Sio,6  buffer 


Fig.  3.  SIMS  doping  profile  of  a  Si  film  doped  using  the  thermal  boron 
source  at  1 325  *C.  Sharpness  of  the  profile  is  better  than  a  decade/ 200  A.  Si 
flux  was  48  A/min. 
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Fig.  4.  TEM  picture  of  the  double  barrier  resonant  tunneling  structure.  It 
shows  43-A  well  and  two  50-A  Si  barriers.  All  the  layers  are  Gen4Si<1<, 
except  Si  barriers. 


and  a  cap  layers.  Both  layers  were  doped  to  5X 1018  cm-3. 
The  double  barrier  structure  was  composed  of  an  undoped 
43-A  Geo  4  Si<,6  quantum  well  between  50-A  Si  barriers. 
Outside  the  two  Si  barriers,  two  1 50-A  Geo  4  Sio  6  layers  were 
undoped  to  prevent  the  diffusion  of  dopants  into  the  active 
region.  In  the  structure,  only  the  Si  barriers  are  strained  and 
all  the  Geo  4  Sio  6  layers  are  unstrained.  Figure  4  shows  a 
transmission  electron  microscopy  (TEM)  image  of  the  dou¬ 
ble  barrier  structure  used  in  the  experiment  and  the  thick¬ 
ness  obtained  from  TEM  is  in  good  agreement  with  the 
thickness  that  is  estimated  from  the  flux  rates.  We  have  also 
used  x-ray  diffraction  to  determine  the  lattice  constant  of  the 
substrate  (aSl ),  and  the  relaxed  buffer  and  contact  layers 
(aCcSl ).  The  measurement  yields  as ,  =  5.4236  A  and 
flGcsi  =  5.5213  A  along  the  growth  direction  for  the  Si  sub¬ 
strate  and  unstrained  GeSi  layers,  respectively.  We  have  cal¬ 
culated  the  percentage  of  the  lattice  mismatch  e 
=  (aGcs,  —  as,  to  be  1.8%.  for  a  completely  relaxed 
Gco^Sio*  layer,  we  have  e  =  1.6%  using  the  lattice  con¬ 
stants  of  Si  and  Ge. 16  This  indicates  that  the  buffer  and  con¬ 
tact  layers  are  not  completely  relaxed  and  a  small  amount  of 
residual  strain  remains  even  though  the  film  thickness  is  well 
above  the  critical  thickness. 

Figure  5  shows  splitting  of  the  light-  and  heavy-hole  bands 
together  with  the  valence-band  offset  for  strained  films  on  a 


Fig  5  Heavy  (HH).  and  ligh:  hole(LH>  band-edge  splitting  and  the  va¬ 
lence-band  offset  (A£, )  for  strained  Ge.Si,  ,  film  grown  on  Ge^Si „„ 
buffer  layer. 
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Fig.  6.  Band  diagram  of  the  resonant  tunneling  structure  used  in  the  experi¬ 
ment.  The  heavy-  and  light-hole  band  edges  are  degenerated  in  unstrained 
Ge^Sio.  layers. 


completely  relaxed  Gcq  4  6  buffer  layer.  The  valence-band 
offset  was  obtained  from  the  self-consistent  ab  initio  pseudo¬ 
potential  results  of  Van  de  Walle  et  al.xl  The  light-  and 
heavy-hole  band  splitting  due  to  strain  was  obtained  using  an 
empirical  deformation  potential  theory.1819  In  order  to  cal¬ 
culate  the  bound  state  energies  in  the  quantum  well  for  the 
light  and  heavy  holes,  the  envelop  function  approximation 
using  different  masses  for  the  well  and  barriers  was  used.  The 
effective  masses  of  the  light  and  heavy  holes  were  estimated 
using  a  linear  interpolation  of  (001)  masses  of  the  warped 
bulk  Si  and  Ge  valence  band  and  the  calculated  masses  for  a 
relaxed  Ge^Sio*  layer  are  0.08  m,  and  0.26  m,  respective¬ 
ly.  Figure  6  shows  the  band  diagram  of  the  double  barrier 
structure.  For  the  heavy  hole,  there  are  two  bound  states  in 
the  quantum  well  at  energies  £hh0  =43  meVand£hh,  =  167 
meV  and  for  the  light  hole  only  the  ground  state  at  £lh0  =  61 
meV  is  obtained.  Tunneling  diodes  were  fabricated  by  a  con¬ 
ventional  lift-off  technique  and  electrical  measurement  data 
were  obtained  for  50-^m  diam  diodes.  The  1-V characteris¬ 
tics  of  the  diode  at  4.2  K,  77  K  and  room  temperature  are 
shown  in  Fig.  7.  Inset  of  the  Fig.  7  shows  the  77-K  measure¬ 
ment  for  higher  bias.  At  77  K  there  are  two  resonant  peaks  at 
270  and  900  mV  due  to  the  light-hole  ground  state  (£|ho ) 
and  the  heavy-hole  first  excited  state  (£hh| ),  respectively. 
Another  resonance  feature  is  observed  from  th t  d1 1 /dV 2 
data  at  170  mV  (see  Fig.  8)  and  is  believed  to  be  due  to  the 
heavy  hole  ground  state  (£hh0  )•  As  seen  in  Fig.  5  the  light- 
and  heavy-hole  bands  are  degenerated  in  Ge^Sio*  layers 
and  light-hole  tunneling  current  is  dominant  due  to  the 
smaller  mass  and  lower  barrier. 

In  order  to  identify  whether  the  resonant  tunneling  is  due 
to  light  or  heavy  holes,  we  have  carried  out  magnetotunnel¬ 
ing  experiments  with  a  magnetic  field  applied  parallel  to  the 
interfaces.  According  to  a  theoretical  estimation20  the  peak 
shift  is  proportional  to  B 2  and  the  gradient  of  the  peak  shift 
vs  B 2  is  inversely  proportional  to  the  effective  mass.  Figure  9 
shows  the  peak  shift  vs  B 2  for  the  two  peaks  at  170  and  270 
mV.  The  ratio  of  the  slopes  of  two  lines  gives  mhh  /  mlh  =3.9 
as  compared  with  the  theroetically  estimated  value  of  3.3. 
This  indicates  that  the  peak  at  170  mV  is  due  to  the  heavy 
hole  and  the  one  at  270  mV  comes  from  the  light  hole.  The 
effect  of  the  series  resistance  of  the  device  on  the  peak  voltage 
shift  may  be  small  since  the  peak  resonant  tunneling  current 
remains  the  same  as  the  magnetic  field  is  changed.1  The  for- 
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Fig.  7.  /- ^characteristics  of »  50-^rni  diam¬ 
eter  resonant  tunneling  diode  at  4.2  K,  77  K, 
and  room  temperature.  Inset  shows  the  l-V 
and  conductance  measurement  of  an  addi¬ 
tional  peak  for  high  bias  at  77  K. 


mation  of  Landau  levels  in  the  emitter  region  may  be  ignored 
due  to  ionized  impurity  scattering  of  carriers.20 

In  conclusion,  we  have  demonstrated  the  use  of  a  conven¬ 
tional  AT-cell  for  pure  boron  doping  in  Si  MBE  and  sharp 
doping  profiles  with  concentrations  needed  for  device  appli¬ 
cations  are  obtained  A  resonant  tunneling  structure  was 


fabricated  using  the  boron  source  and  both  light-  and  heavy- 
hole  tunnelings  were  observed.  The  dominant  types  of  tun¬ 
neling  carriers  corresponding  to  the  different  peaks  were 
identified  using  the  voltage  shift  of  the  resonant  tunneling 
current  peaks  in  the  presence  of  a  strong  magnetic  field  ap¬ 
plied  parallel  to  the  interfaces. 


Fig.  8  Second  derivative  of  /(  V  )  st 
4.2  K  and  room  temperature  showing 
the  tunneling  due  to  the  heavy-hole 
ground  state 
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Fig.  9.  Peak  voltage  shift  vs  B 2  for  the 
peaks  at  270  mV  (dashed  curve)  and 
at  170  mV  (solid  curve)  for  the  mag¬ 
netic  field  parallel  to  the  interfaces. 
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Ultra-thin  Ge/Si  strained  layer  superlattices  (SLSs)  with  periodicities  of  a  few  monolayers  (MLs)  have  been  successfully  grown 
and  characterized  by  Raman  scattering  spectroscopy.  Structures  with  alternating  Ge  and  Si  layers  were  grown  on  Si  substrates  of 
different  orientations.  A  thick  200  nm  Ge0<Si06  buffer  layer  was  grown  prior  to  the  growth  of  the  superlattice  to  make  the  strain 
distribution  of  the  superlattice  symmetrical  and  thus  to  maintain  the  pseudomorphic  growth  of  the  superlattices.  Folded  acoustic 
phonon  peaks  observed  from  these  Ge/Si  SLS  samples  can  be  used  to  determine  the  superlattice  periodicity.  The  observed  optical 
phonon  frequencies  were  found  to  depend  strongly  superlattice  periodicity.  A  quantitative  interpretation  of  this  phenomena  was 
presented.  Subsequent  annealing  of  these  samples  reveals  that  the  transition  from  pure  Ge  and/or  Si  layers  to  Ge^Si,_x  alloy 
becomes  more  pronounced  as  the  annealing  time  and  temperature  increase. 


Recently,  much  attention  has  been  focused  on 
Ge/Si  SLSs,  both  theoretically  [1-4]  and  experi¬ 
mentally  [5,6]  due  to  its  unusual  optical  and  elec¬ 
trical  properties.  However,  due  to  the  large  4.2% 
lattice  mismatch  between  Ge  and  Si,  pure  Ge  can 
only  be  commensurately  grown  on  Si  substrate  up 
to  6  ML  ( -  0.9  nm)  [6].  In  order  to  have  a  larger 
superlattice  thickness,  Kasper  et  al.  had  demon¬ 
strated  the  growth  of  symmetrically  strained  Ge/Si 
superlattices  using  an  appropriate  Ge^Si,  _y  buffer 
layer  [7].  In  this  work,  we  studied  the  phonon 
behavior  of  these  Ge/Si  SLS,  as  well  as  the  inter¬ 
diffusion  of  Ge  and  Si  atoms  due  to  thermal 
treatment. 

The  samples  used  in  this  work  were  grown  in  a 
Si-MBE  chamber  equipped  with  2  electron  beam 
evaporatois  for  Si  and  Ge  separately,  a  quadru¬ 
ple  mass  spectrometer  for  residual  gas  analysis 
and  a  reflection  high  energy  electron  diffraction 
(RHEED)  system  for  in-situ  characterization  of 
the  epi-film.  The  base  and  growth  pressures  were 
-  (7-8)  X  10-n  and  -  (5-9)  X  10-9  Torr  respec¬ 
tively,  and  the  fluxes  from  Ge  and  Si  sources  were 
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monitored  by  an  Inficon  Sentinel  III  deposition 
controllor.  Prior  to  loading  the  Si  substrates  into 
the  chamber,  they  were  chemically  pre-cleaned  by 
Shiraki’s  method  [8].  In  the  final  step,  a  protective 
thin  Si02  film  (-1.5  nm)  was  grown  chemically 
in  a  solution  of  3  HC1 :  1H202 :  1H20  for  10  min. 
The  protective  oxide  layer  was  then  removed  in- 
situ  by  the  Si  beam  at  a  substrate  temperature  of 
700  °C.  The  growth  temperature  was  kept  at 
400 °C,  and  the  growth  rates  were  2.75  X  104  cm-2 
s"1  for  Si  layers  and  2.2  X  1014  cm-2  s_1  for  Ge 
layers,  respectively.  RHEED  patterns  observed 
from  the  top  Si  layers  of  these  SLS  samples  indi¬ 
cate  good  epi-film  crystallinity. 

In  this  study,  Raman  experiments  were  per¬ 
formed  at  room  temperature  with  near-back- 
scattering  geometry.  Samples  were  kept  in  vacuum 
to  avoid  scattering  from  the  air.  Various  lines 
(457.9,  488.0  and  514.5  nm)  of  an  argon  ion  laser 
were  used  for  excitation.  The  laser  light  was 
focused  with  a  cylindrical  lens  and  the  power  was 
kept  under  75  mW  to  prevent  sample  heating  and 
any  possible  annealing  effect.  Scattered  light  was 
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Table  1 

Summary  of  the  Ge/Si  SLS  samples  used  in  this  study.  All 
samples  were  grown  with  a  200  nm  Ge04Si06  buffer  layer  and 
with  the  Ge  and  Si  thickness  ratio  dGc  :ds,  =  2:3 


Sample 

< 

(A) 

^RS 

(A) 

Number  of 
periods 

Substrate 

orientation 

H38 

14 

11.6 

150 

(100) 

H41 

28 

22.5 

120 

(100) 

H52 

7 

- 

300 

(100) 

H56 

56 

45.4 

40 

(100) 

analyzed  with  a  Spex  1404  double  spectrometer 
and  an  EG&G  941  photon  counter. 

All  samples  used  in  this  study  have  a  thick 
Ge^Sio^  buffer  layer  and  the  thickness  ratio  of 
Ge  and  Si  layers  is  dGe :  dSi  =  2:3.  Assuming  the 
thick  buffer  layer  is  completely  relaxed,  the  strain 
on  Ge  and  Si  layers,  cGe  and  €Sl  could  be  calcu¬ 
lated  to  be  -2.4%  and  +1.7%  respectively  [7].  In 
this  case,  the  strains  of  the  bilayer  cancel  each 
other  and  as  long  as  the  thickness  of  each  layer 
does  not  exceed  its  critical  thickness,  no  disloca¬ 
tions  are  generated  at  the  superlattice/buffer  in¬ 
terface.  Table  1  is  a  summary  of  the  samples  used 
in  this  work,  where  dn  is  the  nominal  superlattice 
periods  and  d rs  is  the  superlattice  periods  ob¬ 
tained  from  Raman  scattering.  Fig.  1  shows  the 
Raman  spectra  (X  =  514.5  nm)  of  samples  H38, 
H41  and  H56,  all  with  the  same  (100)  sample 


Fig.  1.  Raman  spectra  of  samples  H38,  H41  and  H56,  all  wuh 
the  same  (100)  sample  orientation  but  different  superldtnoe 
periodicities  The  laser  was  operated  at  514.5  nm. 


orientation  but  different  superlattice  periods. 
Folded  longitudinal  acoustic  (LA)  phonons  were 
observed  at  189,  97  and  48" cm"1  for  each  sample. 
However,  it  was  not  observed  for  sample  H52  with 
dn  =  0.7  nm  due  to  its  extremely  small  superlattice 
period. 

Following  Rytov’s  elastic  continuum  model  for 
vibrations  in  layered  media,  we  can  calculate  dRS, 
by  [9]: 


(1) 


where  R  =  ps,Vs,/PgcvGc>  uGc  ar>d  oSl  are  the  sound 
velocities,  and  pGc  and  pSl  are  the  densities  of  Ge 
and  Si,  respectively.  The  values  of  dRS  obtained 
from  eq.  (1)  are  listed  in  table  1,  and  they  are 
consistently  20%  smaller  than  expected  from  the 
growth  parameters.  The  optical  phonon  peaks  due 
to  the  vibrations  of  Ge-Ge,  Ge-Si  and  Si-Si  pairs 
are  also  observed.  Ge-Si  vibrations  can  only  come 
from  layer  interfaces,  since  the  layers  are  pure  Ge 
and  Si.  Samples  with  larger  periods  (i.e.  less  inter¬ 
faces)  will  therefore  have  a  smaller  Ge-Si  Raman 
signal,  as  observed  in  fig.  1.  The  strain  induced 
frequency  shifts,  Su,  for  both  Ge-Ge  and  Si-Si 
vibrations  could  be  calculated  by  [10]: 

Si0=Z2^e^+2^^xx  +  €y^’  ® 

where  w0  is  the  non-strained  phonon  frequency, 
etJ  are  the  components  of  the  strain  tensor,  and  p 
and  q  are  phenomenological  parameters.  For  sam¬ 
ples  grown  on  (100)  substrates,  the  optical  phonon 
frequencies  for  Si  and  Ge  layers  in  this  case  are 
predicted  to  be  at  508  and  312  cm-1,  respectively 
[7],  However,  all  the  observed  frequencies  are  lower 
than  their  expected  values,  and  the  frequencies  for 
samples  having  larger  periods  have  phonon  en¬ 
ergies  closer  to  the  expected  values.  This  can  be 
explained  by  the  fact  that  the  Si  and/or  Ge  atoms 
at  layer  interfaces  see  2  neighboring  Si  atoms  and 
2  neighboring  Ge  atoms  such  that  the  local  bond- 
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Superlattice  Periodicity  (nm) 

Fig.  2.  Effective  Ge  fraction  x,  as  obtained  from  the  Ge-Ge 
and  Si-Si  optical  phonon  vibration  frequencies  of  the  Ge/Si 
SLSs;  also  shown  are  Kasper  et  al.’s  data  (7]  for  comparison. 


Wavenumber  shift  (cm  ) 

Fig.  3.  Raman  spectra  of  sample  H56  after  annealed  at  726  °C 
with  different  annealing  time.  The  laser  was  operated  at  457.9 


ing  is  identical  to  a  G'e^_sSia5  alloy  [11].  Therefore, 
samples  with  smaller  periods  (i.e.  more  interfaces) 
will  have  more  atoms  behaving  like  a  weakly 
strained  alloy.  As  a  result,  the  smaller  periodicity 
samples  will  have  both  Si-Si  and  Ge-Ge  peak 
frequencies  located  at  lower  energies.  Similar 
trends  were  also  observed  for  samples  grown  on 
(110)  and  (111)  substrates.  Using  eq.  (2)  and  the 
known  values  of  Ge-Ge,  Si-Si  Raman  energies  of 
unstrained  Ge^Si,..*  alloy  [12],  we  can  define 
quantitatively  the  degree  of  alloy  mixing  of  these 
Ge/Si  SLSs  by  the  effective  Ge  fraction  x  for 
both  Ge-Ge  and  Si-Si  phonon  vibrations.  These 
results  are  shown  in  fig.  2.  Also  shown  in  fig.  2  are 
Kasper  et  al.’s  [7]  data  for  comparison. 

Interface  mixing  due  to  Ge  and  Si  interdiffu¬ 
sion  was  also  studied  by  annealing  the  samples  at 
various  temperatures.  Fig.  3  shows  the  Raman 
spectra  (A  =  457.9  nm)  of  sample  H56  annealed  at 
726  °C  with  different  annealing  times.  As  the  an¬ 
nealing  time  increased,  we  can  observe  (1)  the 
relative  intensity  of  Ge-Si  phonon  vibration  in¬ 
creased,  and  (2)  a  large  red  shift  of  the  Ge-Ge 
Raman  peak.  Similar  trends  were  observed  as  the 
annealing  temperature  increased.  Fig.  4  shows  the 
effective  Ge  fraction  x  of  sample  H56  as  a  func¬ 
tion  of  annealing  time  and  temperature,  obtained 
from  their  Ge-Ge  Raman  peak  positions.  We  can 
clearly  see  a  transition  from  pure  Ge  and/or  Si 


layers  to  Ge^Si,.^  alloy,  and  this  transition  be- 
comed  more  pronounced  as  the  annealing  time 
and  temperature  increased.  The  Si-Si  Raman  peak, 
however,  only  has  a  smaller  red  shift  due  to  the 
larger  Si  layers  thickness.  When  the  514.5  nm  laser 
line  which  gives  a  deeper  penetration,  was  used  for 
excitation,  the  intensity  of  Si  Raman  peak  (at  520 
cm-1)  from  the  substrate  increased  as  the  anneal¬ 
ing  time  and  temperature  increased.  Similar  re¬ 
sults  were  reported  by  Kasper  et  al.  [7].  In  their 


Annealing  time  (min) 


Fig.  4.  Effective  Ge  fraction  x  obtained  from  the  Ge-Ge 
Raman  peak  positions  of  sample  H56  after  annealed  at  differ¬ 
ent  time  and  temperature. 
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experiment,  Ge/Si  SLSs  with  the  same  overall 
superlattice  thickness  but  different  period  lengths 
were  compared.  It  was  found  that  smaller  period 
(i.e  more  interfaces)  samples  are  more  transparent 
in  the  green  spectra  region.  This  good  agreement 
indicates  that  interface  mixing  is  indeed  very  im¬ 
portant  in  such  ultra-thin  Ge/Si  SLSs.  We  also 
used  X-ray  diffraction  spectroscopy  to  study  sam¬ 
ple  H56  before  and  after  annealing.  The  decay  of 
the  low  angle  X-ray  diffraction  peak  from  the 
superlattice  structure,  as  annealing  time  and  tem¬ 
perature  increase,  confirms  the  interdiffusion  of 
Ge-  and  Si-caused  interface  smearing.  A  more 
detailed  study  of  X-ray  diffraction  will  be  re¬ 
ported  later. 

In  summary,  ultra-thin  Ge/Si  SLS  samples  have 
been  grown  and  characterized.  It  has  been  found 
that  the  phonon  behavior  depends  strongly  on 
interface  mixing  and  thus  on  superlattice  periodic¬ 
ity.  The  effective  Ge  fraction  x  of  the  Ge-Ge  and 
Si-Si  phonon  vibrations  can  be  determined  by 
their  respective  Raman  peak  positions.  The  an¬ 
nealing  effect  of  these  Ge/Si  superlattices  was 
also  studied. 
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The  hole  transport  through  the  minibands  of  a  Gex  Si!  _  ,/Si  superiattice  is  observed  for  the 
first  time.  The  symmetrically  strained,  short-period  GexSi,  _X/Si  superiattice  is  grown  on  a 
Ge^Si,  .^/Si  buffer  layer.  The  current-voltage  and  conductance-voltage  characteristics 
show  two  peaks  which  are  attributed  to  the  conduction  of  light  holes  through  the  first  and 
second  light  hole  minibands.  The  light  hole  miniband  energies  are  estimated  by  thermionic 
emission  analysis  and  are  in  good  agreement  with  the  calculated  values  using  effective  mass 
approximation. 


The  strained-layer  Ge^Si,  _,/Si  heterostructures  and 
superlattices  have  created  a  great  deal  of  interest  due  to  the 
potential  of  integration  with  the  conventional  silicon  very 
large  scale  integrated  technology.  With  the  current  advances 
in  silicon  molecular  beam  epitaxy  (Si  MBE)  technology,  de¬ 
vice  quality  Ger  Si,  _  *  /Si  layers  with  controlled  strain  have 
become  possible.  Several  optical  and  electronic  devices, 
such  as  modulation-doped  field-effect  transistors 
(MODFETs),1,2  heterojunction  bipolar  trans!  are 
(HBTs),3,4  and  photodetectore5,6  have  been  demonstrated 
with  the  GeSi/Si  system.  Recently,  resonant  tunneling  of 
holes  through  double-barrier  diodes  has  been  reported  in 
variously  strained  Si/Ge,  Si,  _x /Si  heterostructures.7"9  The 
successful  demonstrations  of  resonant  tunneling  in  the 
GeSi/Si  heterostructures  indicate  that  the  GeSi/Si  inter¬ 
faces  are  sufficiently  smooth  for  the  fabrication  of  quantum 
devices.  It  further  suggests  the  possibility  of  superiattice  de¬ 
vices  using  GeSi/Si.  In  this  letter  we  report  the  first  observa¬ 
tion  of  hole  transport  through  the  minibands  of  a  short-peri¬ 
od  GexSi,  _*/Si  superiattice  grown  on  a  Ge^Si,  _x/2 
buffer  layer. 

The  samples  used  in  the  experiments  are  grown  in  a 
computer-controlled  Si  MBE  system  with  a  base  pressure  of 
approximately  7  X 10" 1 1  Torn  The  system  has  two  electron 
beam  evaporators  for  silicon  and  germanium  deposition,  and 
several  effusion  cells  for  doping.  For  this  experiment,  ( 100) 
oriented  p+(l-5x  10“3n  cm)  Si  wafers  are  used.  The  de¬ 
tails  of  the  sample  preparation  have  been  described  else¬ 
where.8  The  growth  temperature  and  pressure  are  530  'C 
and  6xl0“9  Torr,  respectively,  and  the  p-type  doping  is 
obtained  using  a  thermal  boron  source.10  The  superiattice 
structure  is  grown  on  a  2-/rm-thick  unstrained  p+Geo.2  Sio.8 
buffer  layer  doped  to  5  X 1018  cm-3.  The  active  layers  of  the 
structure  consist  of  15  period  superiattice  of  p-doped 
( 1 X 1017  cm-3)  Geo<Sio.6/Si  (each  layer  50  A  thick)  and 
150  A  contact  layers  in  each  side  of  the  superiattice.  The 
contact  layers  100  A  to  the  superiattice  are  undoped.  Final¬ 
ly,  a  7000  A  of  p+-Geo.2  Sio.8  cap  layer  is  grown  for  ohmic 
contacts.  The  Geo2  Sio8  buffer  and  cap  layers  are  un¬ 
strained,  and  the  Ge^S^/Si  layers  in  the  superiattice  are 
symmetrically  strained.  Due  to  the  strain  symmetrization, 
one  can  grow  as  many  periods  as  desired  without  suffering 
the  critical  thickness  limitation.11  Superiattice  diodes  with 


450 pm2  in  area  are  fabricated  by  a  conventional  mesa  etch¬ 
ing  and  lift-off  technique.  A1  is  evaporated  to  make  ohmic 
contacts.  Current-voltage  (I-V)  and  conductance-voltage 
(dl /dV-  V)  are  measured  by  a  tunneling  spectroscopy  setup 
at  different  temperatures. 

Figure  1  shows  the  measured  I-  V  and  dl  /dV  at  4.2, 35, 
and  77  K.  Two  peaks  at  1. 1  and  2.5  V  (77  K)  are  present  in 
the  I-  V and  dl/dV.  The  peak  at  2.5  V  shows  the  clear  nega¬ 
tive  differential  resistance  (NDR).  As  the  temperature  of 
the  sample  decreased,  the  peak-to-valley  ratio  of  the  peak  at 
2.5  V  increases,  and  the  peak  at  1.1  V  becomes  more  appar¬ 
ent  from  the  dl  /dV  curve.  The  peak  and  the  valley  currents 
of  the  peak  at  2.5  V  decrease  as  the  temperature  is  reduced, 
while  the  peak  positions  shift  toward  higher  voltages.  Above 
100  K,  the  NDR  is  no  longer  clearly  observed.  No  current- 
voltage  oscillatory  behavior,  similar  to  GaAs/ALAs  super- 
lattice  as  demonstrated  by  Esaki  and  Chang,12  is  observed. 

In  order  to  understand  the  data,  it  is  necessary  to  consid¬ 
er  the  band  structure  of  the  sample.  The  schematic  band 
diagram  of  the  sample  is  shown  in  Fig.  2(a).  For  conven¬ 
ience,  the  hole  energy  is  taken  to  be  positive.  The  barrier 
heights  for  the  light  and  the  heavy  holes,  measured  from  the 
respective  band  edges,  are  215  and  302  meV.  The  band  off- 


FIG  1  Observed  current  voltage  (/•  K)  at  77, 35,  and  4.2  K,  showing  con¬ 
duction  through  minibands  in  the  superiattice.  Inset  of  the  figure  shows  the 
magnified  I-V,  and  dl(  V)/dV  for  the  first  peak. 
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sets  of  the  Gex  Si,  _  x  films  grown  on  relaxed  Ge^Si,  _  y  buff¬ 
er  are  obtained  based  on  Refs.  13  and  14.  In  the  relaxed 
Geo  2  Si0  8  buffer  layer,  both  heavy  and  light  holes  are  degen¬ 
erated.  However,  the  strained  Geo4Si06  layers,  the  light 
hole  band  moves  upwards  in  hole  energy  while  the  heavy 
hole  band  moves  downwards  due  to  the  compressive  strain. 
On  the  other  hand  in  the  strained  Si  layers,  the  light  and  the 
heavy  hole  band  edges  move  in  the  opposite  direction  due  to 
the  tensile  strain. 

The  energies  and  widths  of  the  hole  minibands  are  esti¬ 
mated  using  the  Kronig-Penny  model15  in  the  effective  mass 
framework.  The  effective  masses  of  light  and  heavy  holes  in 
Gex  Si  |  _  x  are  deduced  from  the  linear  interpolation  of  bulk 
Si  and  Ge  effective  masses.  There  are  two  light  hole  mini¬ 
bands  at  52  and  181  ir.eV  from  the  light  hole  band  edge  with 
respective  widths  of  1  and  20  meV.  For  the  heavy  holes,  only 
localized  bound  states  are  obtained  due  to  the  relatively 
higher  barrier  as  well  as  the  larger  effective  mass. 

The  measured  I-V and  dl /dV  data  can  be  understood 
quantitatively  as  the  light  hole  conduction  through  the  mini¬ 
bands  in  the  superlattice.  As  the  applied  bias  is  increased,  the 
light  and  heavy  holes  in  the  buffer  layer  are  injected  into  the 
Geo  4  Sio  6  contact  layer  through  the  potential  barrier  formed 
at  the  heterojunction  between  the  buffer  and  the  contact  lay¬ 
ers.  Since  the  contact  layers  are  undoped,  impurity  scatter¬ 
ing  rarely  occurs  in  the  contact  layers.  Thus,  most  of  the 
carriers  injected  from  the  emitter  travel  through  the  contact 
layer  coherently  and  are  incident  upon  the  superlattice  bar¬ 
rier.  The  conduction  through  minibands  occurs  when  the 
Fermi  level  in  the  emitter  region  is  aligned  with  the  bottom 
of  a  miniband.  The  NDR  shows  up  when  the  Fermi  level  is 
moved  away  from  the  minibands.  Figure  2(b)  shows  sche¬ 
matically  the  miniband  conduction  process.  The  NDR  due 
to  conduction  through  the  second  miniband  is  clearly  ob¬ 
served  as  shown  in  Fig.  1.  The  dl/dV  data  show  a  rather 
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FIG.  2.  Schematic  band  diagram  of  the  structure  used  in  the  present  experi¬ 
ment  (a)  without  bias,  (b)  Miniband  conduction  process  under  bias.  The 
device  parameters  are:  number  of  superiattice  period  =  15,  x  =  0.4, 
Wt  =  150  A.  Wb  =  50  A,  Ww  =  50  A,  Atfhh  (heavy  hole  barrier 
height)  =  302  meV,  A//,h  (light  hole  barrier  height)  =  215  meV,  and 
heavy  hole  and  light  hule  band  splitting  -  39  meV  The  dashed  line  mdi 
cates  the  light  hole  band  edge. 


broad  first  peak.  Since  the  bandwidth  of  the  first  miniband  is 
relatively  thin,  the  transport  through  it  may  involve  phonon- 
assisted  processes  as  well  as  impurity  scattering  rather  than 
by  a  simple  miniband  conduction.  The  absence  of  current- 
voltage  oscillations  suggests  that  the  electric  field  in  the 
doped  superiattice  region  is  small,  and  that  localized  high- 
field  domains  in  the  superiattice  do  not  exist.  Most  of  the 
voltage  drop  occurs  in  the  undoped  Geo.4  Si*,  6  contact  layers 
outside  of  the  superiattice.  The  heavy  hole  transmission  co¬ 
efficient  is  smaller  than  that  of  the  light  hole  due  to  its  larger 
effective  mass  and  higher  potential  barrier.  Therefore,  the 
heavy  hole  current  through  the  superiattice  is  negligible 
compared  with  the  light  hole  current. 

In  order  to  obtain  the  energies  of  the  minibands,  we  have 
studied  the  dependence  of  current  through  the  structure 
with  temperature  at  low  bias  conditions.  At  low  bias,  ther¬ 
mionic  emission,  which  is  sensitive  to  the  miniband  energies 
of  the  superiattice,  is  the  predominant  component.  The  ther¬ 
mionic  emission  current  through  a  miniband  of  bandwidth 
A H  in  a  superiattice  is  described  by  the  following  equation |IS. 


J  =  A  *T(E)T2 


■<f>(  V)  -  A H 


kT 


)]■ 

(1) 


where  A  *  is  the  effective  Richardson  constant,  7  is  the  teu 
perature,  k  is  the  Boltzmann  constant,  V)  is  the  potential 
between  Fermi  level  in  “mitter  and  miniband  level  in  the 
superiattice,  Fis  i'ne  bias  voltage,  and  T(E)  is  the  tunneling 
transmission  coefficient.  The  second  exponential  term  sub¬ 
tracts  the  current  component  due  to  the  carriers  with  ener¬ 
gies  above  the  miniband,  which  are  blocked  by  the  barrier. 
The  total  current  through  the  structure  is  the  sum  of  cur¬ 
rents  through  each  miniband. 

If  the  A H  is  smaller  than  kT,  the  above  equation  can  be 
simplified  to 


(2, 

Based  on  Eqs.  ( 1 )  and  (2),  <£(0)  can  be  estimated  from  the 
experimental  I-V-T  data  by  taking  the  slope  oflog(//7')  vs 
/ /T at  biases  greater  than  several  kT,  and  then  extrapolating 
to  zero  bias. 16  For  the  sample  used  in  the  present  experiment, 


FIG.  3.  Art  hen,  us  plot*  fui  three  different  biases  due  lo  the  ihernuunu. 
emission  current  through  minibands. 
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the  first  miniband  width  is  negligible,  and  above  200  K  the 
second  miniband  width  is  smaller  than  kT,  thus  Eq.  (2)  can 
be  used.  The  plot  oflog(//r)  vs  l/T  for  the  sample  at  differ¬ 
ent  biases  is  shown  in  Fig.  3.  Below  77  K  the  characteristics 
are  almost  independent  of  the  temperature.  This  means,  at 
small  biases,  below  77  K,  current  through  the  superlattice  is 
mainly  due  to  tunneling.  This  tunneling  current  at  small  bi¬ 
ases  is  about  two  orders  of  magnitude  smaller  than  the  ther¬ 
mionic  current  measured  in  this  experiment  (above  100  K). 
Thus,  we  assume  that  tunneling  current  is  negligible  in  our 
I-V-T measurement.  For  a  given  bias,  two  regions  with  dif¬ 
ferent  slopes  are  observed.  One  appears  in  a  relatively  high- 
temperature  region  (200-300  K),  while  the  other  appears  in 
a  lower  temperature  region  ( 100-170  K).  This  observation 
indicates  that  there  are  two  different  thermionic  current 
components  (through  the  first  and  the  second  minibands) 
flowing  in  the  superlattice,  as  expected.  In  the  low-tempera¬ 
ture  region,  most  of  the  thermionic  current  is  from  the  first 
ininiband  at  lower  energy.  Whereas  in  the  higher  tempera¬ 
ture  region,  the  increased  thermal  energy  allows  the  carriers 
to  flow  through  the  second  miniband  as  well.  The  latter  com¬ 
ponent  of  current  is  dominant  because  of  the  larger  band¬ 
width  of  the  second  miniband.  Assuming  thermionic  current 
due  tc  the  second  miniband  is  negligible  in  the  low-tempera¬ 
ture  region,  one  can  estimate  <A,(0)  of  the  first  miniband 
from  the  experimentally  obtained  slopes.  Figure  4(a)  shows 


(a)  IOOO/T 


(b>  IOOO/T 

FIG  4  Pluts  of  logi/.  T)  vs  /.  T \d)  tn  the  low  temperature  region  1 100- 
170  K)  and  (b)  in  the  high-temperature  region  (200-300  K). 
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the  plots  of  log {I/T)  vs  1 /T at  several  biases.  The  slope  of 
each  plot  is  obtained  by  least-squares  fitting  of  the  data 
points.  Figure4(b)  shows  theplotsofIog(//7')  vs//rcorre- 
sponding  to  the  high-temperature  region.  In  order  to  obtain 
the  activation  energy  for  the  second  miniband  [02(O)  ]> we 
have  subtracted  the  current  contribution  of  the  first  mini¬ 
band  by  extrapolating  the  low-temperature  data  of  the  cur¬ 
rent  to  the  high-temperature  region.  The  experimentally  ob¬ 
tained  values  for  the  first  and  second  minibands  are  95  and 
250  meV  respectively.  These  values  are  in  good  agreement 
with  the  calculated  values  of  91  and  220  meV  from  the  emit¬ 
ter  band  edge  including  heavy  and  light  hole  band  splitting. 
Here,  we  have  assumed  the  Fermi  level  at  the  degenerate 
valence  band,  and  ignored  the  band  bending  at  the  barrier 
interface  and  in  the  barrier. 

In  summary,  we  have  demonstrated  hole  miniband 
transport  in  the  symmetrically  strained,  short-period  super¬ 
lattice  for  the  first  time.  The/-  Fand  dl/dV  data  showed  the 
NDR  and  peaks  in  dl/dV  at  the  positions  corresponding  to 
the  light  hole  minibands.  The  thermionic  emission  analysis 
was  employed  to  estimate  the  energies  of  the  minibands  ex¬ 
perimentally.  The  measured  values  are  in  good  agreement 
with  calculated  values.  The  results  from  the  experiment  sug¬ 
gest  the  use  of  GeSi/Si  superlattices  for  device  applications, 
such  as  hot  carrier  and  band  aligned  superlattice  devices.17 
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